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The present multi-volume Book Series, CANCER GROWTH AND PROGRESSION, 
encompasses the widest possible framework of cutting edge research in the field of neoplastic 
pathology and other integrated fields. Normal and pathologic growth is one of the most intensively 
studied yet challenging areas in pathology. Thus the individual volumes in this series focus on the 
topics of highest scientific interest for basic and clinical researchers, pathologists, medical and 
surgical oncologists and allied multidisciplinary teams interested in the study of these aspects of 
neoplastic growth, progression and inhibition. The range of topics covered is extensive, including 
but not limited to autonomous growth characteristics of malignancy, phenomena of progression of 
malignant growth involving the various body systems, and recent advances being made in successful 
neoplastic inhibition and control. 

Cell function may be described as producing progression or regression, often found as alternating 
features in tumors or as variations between normal tissues and tumors. The source of regression in 
normal melanin producing cells may not be the same as in melanomas. These functions of living 
matter persist in all phyla of eumetazoans vascular plants as well as in particular species of fungi. 
However, homo sapiens are the eumetazoan species, which interest us the most. 

Normal growth processes cannot be entirely understood in all its diversity until we have a 
thorough knowledge of what constitutes normal growth in various organisms. Complex cellular 
metabolic pathways are the fundamental elements of growth processes with wide variation in 
different tissues and organs subjected to a host of carcinogenic influences. The etiology of 
neoplasms that includes inherent/acquired gene defects, chemical and physical carcinogens, 
radioactive emissions, viruses, bacteria and parasites are too numerous to catalogue. Therefore, it 
would be a challenging task to address every aspect of the diverse processes of neoplastic growth 
and progression. In order to accomplish this goal in the most practical manner, 1 have invited a 
highly select team of distinguished authors who are among the most knowledgeable authorities in 
their fields, to share their expertise in various areas of normal and neoplastic growth, progression, 
inhibition and control. 
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A specific purpose of this Book Series is to provide a broad yet comprehensive review of the 
topics covered that will enrich the reader with the latest and most authentic information at the 
cutting edge of the field from the world authorities that will be of practical utility to a wide range of 
professionals in the field of cancer. I have dedicated all my life to the study, teaching and research in 
cancer. It is my utmost desire to wish you all a great success in your fight against cancer. 1 hope the 
second edition of this series will serve as a landmark in our continued efforts to unravel the 
complexities of the neoplastic phenomena at the one end and to improve the quality of life and 
minimize the suffering of the patients with cancer on the other! 
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Section 1 



OVERVIEW OF MAMMALIAN THYMIC DEVELOPMENT 
BIOLOGICAL BASIS 




Introduction 



Until 1960, classical morphological observations 
were not able to discover an organ-specific function 
of the thymus, and no scientist was even interested 
in changing the situation. Indeed, until that time, 
clinicians, especially pediatricians, regarded a large 
thymus as detrimental to health. Children with minor 
respiratory distress were often observed to have a 
large thymic mass filling the supracardial 
mediastinum and wrapped closely around the 
trachea. We agree with Dr. Webb's and co-authors’ 
opinion (1): "By a remarkable leap in logic, it was 
concluded that these children were suffering from 
chronic strangulation from an abnormally large 
thymus. The treatment offered for this condition of 
'status thymolymphaticus' was that of local 
irradiation of the thymus! Only in later years was it 
appreciated that the thymus is naturally a very large 
organ in childhood." 

It is well established today that at least four 
major directions of thymic function exist: 

1 . the thymus is a member of endocrine regulation, 
with production of own hormones (thymosins, 
thymulin, and thymopoietin) in addition to other 
in situ acting active substances (lymphokines, 
cytokines); 

2. an important member of the neuroendocrine- 
immune regulation axis, with cell surface 
receptors for oxytocin and vasopressin, allowing 
for neuroendocrine immunomodulation; 

3. an old, but true, view that the thymus is simply 
a "factory for lymphocytes" and 

4. starting from the early intrauteral life, the 
thymus is a permanently involuting and 
reconstructing cellular and humoral 
microenvironment. 

Descriptions of the lymphopoietic function can 
be traced back to the works of Beard (2, 3) and even 
earlier, as early as the times of Henle (4) and 
Koelliker (5). Beard suggested, after systematic 



morphological study on the lymphatic tissue of a 
stingray: 

"... Just as the Anglo-Saxon stock has made its 
way from its original home into all parts of the 
world, and has there set up colonies for itself 
and for its increase, so the original leukocytes, 
starting from their birthplace and home in the 
thymus, have penetrated into almost every part 
of the body, and have there created new centers 
for growth, for increase, and for useful work for 
themselves and for the body." (2) 

The lack of interest in the thymus over the 
following 50 years can be attributed to the lowly 
scientific reputation of lymphocytes. Lymphocytes 
were pictured, as cells without a known function, 
except to act in the thymus as in situ 'trephocytes', 
eaten by cells that are more important. The recovery 
of the interest to the “small lymphocyte” during the 
1960s was driven by three significant studies: 

1. Gowans’ (6) critical discovery that small 
lymphocytes are capable of transforming into 
lymphoblastic cells in response to 
histocompatibility antigens; 

2. Miller (7) and Good and co-workers (8, 9), at 
about the same time, reported their classic 
discoveries on the effects of neonatal (newborn) 
thymectomy. 

Unfortunately, the last two simply led to the now 
firmly established idea that the main and perhaps 
sole function of the mammalian thymus is the 
production of immunocompetent T lymphocytes, 
which control cellular immune responses. In the last 
two decades, experimental thymic research has 
increasingly focused on the identification of the 
potent immunomodulatory effects of several 
hormones and neuropeptides. Consequently, 
numerous research groups have observed the actions 
of steroid hormones, and their effects on the thymus 
have been reviewed (10-21). 

Our purpose in writing this monograph is to 
share our thirty years of experience and knowledge. 
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This book is intended to share our research material 
and methods with thymologists, research 1 1 ' 

investigators, medical doctors and medical students, 
discussing thymic embryology, morphology, 12. 

histology, histochemistry, FACS analyses, 
immunocytochemistry and in vitro tissue culture 13 ' 

investigations. 
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Chapter 1 

Embryology of the Mammalian Thymus 



1. INTRODUCTION 

The unique macroscopical appearance of the 
thymus gland, already noticed in the days of 
Herofilos and Erasistratos, was first described by 
Galen (lived 130 to 200 AD), and could be 
characterized as a complex cellular and humoral 
microenvironment (1-9). Since the 18th century, 
thymic research has emerged from descriptive 
studies concerning normal embryology (i.e. the pre- 
and postnatal histogenesis of the thymic cellular 
microenvironment) in a variety of vertebrates by a 
great number of famous morphologists (10-143). 

Developmental variations in the thymus have 
attracted the attention of authors during the first one 
hundred years of thymology, if one can judge by the 
great number of embryological papers. The rapid 
ontogenetic cell and tissue changes required 
complex and extremely well coordinated 
histogenetic events, as well as interactions between 
stem cells of various origins (cells of the embryonal 
tissues). Developmental arrest may occur at any 
stage and at times half or the entire organ can be 
absent. 

The primary thymic anlagen, containing only 
pure, omnipotent, endodermal epithelial cells, 
appear in the beginning of the sixth embryonal week 
or 10-somite embryo of the prenatal ontogenesis (11, 
14, 16, 20, 26, 27). The third and fourth pharyngeal 
pouches in the mammalian and human embryos are 
characterized at their distal extremity by the dorsal 
and ventral wings (36, 40, 42, 45, 46, 53, 56, 57, 61, 
66, 67, 77, 84, 100, 105, 131). The thymic anlagen 
develop mainly from the ventral wing (out- 
pocketing) of the endodermal part of third 
pharyngeal pouch on each side. The dorsal wings of 
the same pouch give rise to the inferior parathyroid 



glands. By that time there is a contact between the 
pharyngeal endoderm and the ectoderm just 
posterior to the first aortic arch. In the proliferation 
of the pharyngeal endoderm, just as the median 
thyroid component, the cells probably divide at a 
more rapid rate than those which do not take part in 
the process (in a 4 mm long human embryo, the 
thymic primordium is increasing in size, and the 
third aortic arch have already reached its full 
development). The formation of a network of vessels 
around the rapidly growing thymic anlagen is of 
major ontogenetic importance. The original thymic 
anlagen does not contain blood vessels, therefore the 
primitive feeding is via pure diffusion of oxygen, 
making possible the needed rapid cell proliferation 
and size expansion. 

The development of the epithelial thymus, 
representing the "ideal" microenvironment for the 
immigration of pluripotent hematopoietic stem cells 
depends upon cellular interactions between the 
thymic epithelium (endodermal in origin) and the 
ectomesenchyme developed from the neural crest. 
One of the leading principles of prenatal thymic 
histogenesis is that cells of the thymic epithelial 
anlagen do not proliferate in the absence of an 
inductive ectomesenchymal interaction. Auerbach 
(141, 142) was able to demonstrate this "inductive" 
interaction of mesenchyme in thymic tissue culture, 
resulting in rapid epithelial proliferation. If the 
mesenchyme added to the thymic cultures originated 
from lung or submandibular gland, only delayed 
epithelial proliferation was detected. 

The ectomesenchyme that surrounds the primary 
thymic anlagen and the connective tissue cells that 
form the primary capsule and septae were 
demonstrated to originate from the neural crest. The 
neural crest, through the ectomesenchyme, monitors 
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early ontogenetic thymic events. The origin of the 
"embryonal thymus mesenchyme" was defined by 
Le Douarin and Jotereau (143-145) employing a 
transplantation experiment (quail into chicken), 
using the recognized "biological marker" of the 
Japanese quail's nuclear morphology (DNA rich 
nucleolus; characteristic accumulation of nuclear 
heterochromatin in large clumps, and small amounts 
attached to the nuclear membrane as a marker for 
lymphocytes, and one large central mass of 
heterochromatin as a marker for reticular and 
connective tissue cells). 

Part of the mesenchymal cells around the 
primary thymic anlagen and the connective tissue 
cells of the primitive capsule and the intrathymic 
septae were demonstrated to originate from the 
neural crest (141-145). Since this special, embryonal 
type mesenchyme is derived from ectoderm, it is 
referred to as ectomesenchyme in the International 
Histologic Nomenclature (IHN). The neural crest, 
through formation of the thymic ectomesenchyme, 
and through production of local, in situ growth 
factor(s) (probably before the secretion of an 11 kD 
chemotactic factor, thymotaxin), monitors the 
differentiation of epithelial and connective tissue 
components of the early thymic microenvironment 
(146-169). Interestingly, later the in vivo route of 
entry for committed hematopoietic stem cells is via 
the highly vascularized cortico-medullary junction, 
using special homing receptors (adhesion molecules) 
for contact with endothelial cells, and integrin 
molecules like addressin or ICAM-1 (LFA-1), L- 
Selectin, as well as s.E- and s.P-Selectin and 
VCAM-1 (VLA-4) related structures. In the second 
step, the stem cells migrate to the so-called 
subcapsular thymic, mostly reticulo-epithelial (RE) 
cell microenvironment, where the integrins a4(3l 

and a5(3l induce their proliferation. A major portion 

+ + 

of "double positive" (CD4 CD8 immunophenotype- 
IP) thymocytes also express a4(3l integrin in its 
active form. These integrin molecules are also 
involved in cellular traffic and positive intrathymic 
selection of immunocompetent, non self-reactive T 
lymphocytes. The tissue composition of the initial, 
large blood vessels of the human thymus, which 
appear at the embryonic length of 20-30 mm except 
for the endothelial cell layer, is also of 
ectomesenchymal (i.e. neural crest) origin. 

Experimental or spontaneous in vivo early neural 
crest ablation during ontogenesis always resulted in 
the abnormal development of the thymus, but also of 
the heart, great vessels, thyroid, and parathyroid 
glands (170). This defective thymic onto- and 
histogenesis can be used in mouse experiments 



because this interesting immune-neuroendocrine 
association was successfully developed in a mouse 
mutation called "staggerer", with defective 
developments in the cerebellum and thymus. 

The thymic anlagen that develop from the fourth 
pharyngeal pouch from the beginning appear to be 
quite small and rudimentary. They may give rise 
only to vestigial tissue masses. The superior 
parathyroid glands develop from the dorsal wings 
(sacculation) of the fourth pharyngeal pouches. 

By the end of the sixth embryonal week, the 
connections of the four thymic anlagen with the 
pharyngeal pouches are severed. The next 
developmental stage represents significant changes 
in the external form of anlagen. Each anlage 
elongates caudally and medially, forming a typical 
tubular structure (thymopharyngeal tract). 

During the seventh week, this tract soon begins 
to obliterate by rapid proliferation of the epithelial 
cells. Weller (134) reported a formation of 
parathymus glands by some differentiated cells of 
the thymic primordia at 10 mm embryonal length. 
The lumen of the thymus is still in contact with that 
of pharynx. The thymic components become 
detached from the pharynx at an embryonal length 
of 14.5 mm. The thymus in this age appears 
intimately adjacent to the ductus cervicalis of either 
side (43, 52). It is believed that the ductus cervicalis 
contact exerts no influence upon the development of 
the thymus gland (134). 

The eighth week of ontogenesis is crucial, 
probably the most important in thymic ontogenesis, 
not only because of the non-complete fusion of 
anlagen in the midline, but also because this is the 
real time for beginning of the thymic journey in a 
caudal direction (descensus thymi or thymic 
descent) under the sternum to the supracardiac 
mediastinum. The fusion of the right and left thymic 
anlagen is never really complete, so that the organ 
never loses entirely its paired character. At the end 
of the thymic journey (to the parietal pericardial 
tissue), the upper end of the thymus becomes drawn 
in and generally vanishes. 

At embryonal length 16.8 mm, the thymus 
increases significantly its size, the compact tissue 
mass is about six times the size found at 14.5 mm 
embryonal length, the contact with the thyroids is 
established and is moved below the lower border of 
the junction of the subclavian and carotid arteries. 
Most of the caudal portion of the thymus is 
surrounded by loose mesenchyme, so it will be not 
difficult for the compact thymic tissue to change its 
place. At the embryonal length of 23 mm, the thymic 
gland occupies a position little different from that in 




1. Embryology of the Mammalian Thymus 

newborns. Its caudal part has descended to the upper 
margin of the arch of the aorta. The subsequent 
histological and cytological changes that occur 
following this stage of ontogenesis are described in 
detail in the chapter about thymic histogenesis. 



2. WEEKLY CHRONOLOGY OF 

IMMUNO-MORPHOLOGIC CHANGES 
DURING THYMIC ORGANOGENESIS 

The following immunobiologic chronology of 
human immunomorphologic ontogenesis represents 
an attempt to summarize cellular, 
microenvironmental, intrathymic changes during the 
thymic organogenesis. The systematic explanation 
of the maturation and differentiation events of T 
lymphocyte subpopulations and non-lymphatic cell 
types (RE and stromal or accessory) will, I hope, 
complete an overview of the functional unity of the 
thymic microenvironment: 

4-6 Weeks 

The primary thymic epithelial anlagen (two) of 
endodermal origin are formed from the third 
pharyngeal pouch. This is a typically cuboidal 
epithelium in appearance, but in Hammar's 
observation it is described as prismatic (43, 51) and 
rapidly proliferating under the induction stimulus of 
ectomesenchymal tissue. The ectomesenchyma 
around the anlagen, from neural crest origin, 
contains primitive blood vessels and TdT- 
hemopoietic stem cells from the yolk sac or, later, 
from the fetal liver (171-177). Cells of typical 
macrophage appearance are detected in the yolk sac 
and ectomesenchyme during the 4th week of 
prenatal development. During the 5th week, the fetal 
liver is in pre-hemopoietic condition. A chemotactic 
factor, responsible for hemopoietic stem cell 
immigration, is secreted in the ectomesenchymal 
(neural crest) cells or in the pure epithelial cells as a 
response to the induction chemistry of 
ectomesenchymal tissue (178, 179). 

7 Weeks 

The left and right thymic anlage has already 
moved in a caudal direction (descensus thymi or 
thymic descent), to lie on each side of the cervical 
region. No thymocytes are present within the thymic 
epithelium (which already reacts positively with 
MoABs A2B5 and TE4), but around the thymus in 
the perithymically located ectomesenchyme and 
around the embryonal liver, TdT 1 (terminal 
transferase), BrdU (bromo-2-deoxyuridine 
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incorporated into cells during the S phase) positive, 
cytoplasmic CD3 + or CD3", CD7 + , CD34', CD38 + , 
CD44 1 , T200 + , and Ki67 + hemopoietic stem cells, 
committed to the T lymphocyte cell lineage are 
present (180). The embryonal ectomesenchyme 
contains a number of small blood vessels 
(endothelial organ and non organ receptors) located 
near the surface of the thymic anlagen. The caudally 
located epithelial cells have already commenced 
their transformation into cells later forming a 
reticulo-epithelial (RE) network. CD7 + , triple 
negative stem cells are present in the fetal yolk sac, 
fetal liver and thorax. Rare lysozyme positive cells 
are present in the fetal liver at approximately 7-8 
weeks of prenatal development. Precursors of 
interdigitating cells (ID) are detectable during the 
13th week of ontogenesis and share three features 
with the Langerhans' cells: 

1. Birbeck granules; 

2. membrane antigen CD1; and 

3. SI 00 cytoplasmic antigen. Early cortical RE 

cells and ID cells express HLA-DR, -DQ and - 

DP MHC Class II antigen molecules (180-184). 

The triple positive cells give rise, in vitro, to 

CFU-T in the presence of TCM and IL-2 (185, 186). 
Phenotypic analysis of cells of CFU-T has 
demonstrated that they reciprocally express CD4 or 
CD8 molecules and surface CD3 (sCD3) and TCR 
a, (3 (WT31 + ). CD7 and cytoplasmic CD3 (cCD3) 
expression occurs early, extrathymically, prior to T 
cell precursor entry into the pure epithelial thymic 
rudiment. 

The early reticulo-epithelial (RE) cell surface 
antigenic distribution profile is as follows: TE4 + , 
A 2 B 5 f , Thy-1 + , MHC Class I antigens positive, and 
vimentin + /cytokeratin (detected with MoAB AE2" 
ICN). Neuroectodermal, opioid and neuroendocrine 
receptors are also present. Secretion of multiple 
active hormone-like substances, among them a 
humoral chemotactic factor by the cells of 
ectomesenchymal connective tissue allows 

immigration of pluripotent, hemopoietic stem cells, 
which are, however, already committed to 
lymphocytic cell lineage, which, following 

functional cell to cell contact with the RE cells, 
express surface antigens typical of early, immature T 
lymphocytes. Expression of c-myc has been detected 
all over the chest, in lymph nodes, and spleen. 

8-9 Weeks 

Pre-T, pluripotent, hemopoietic stem cells have 
already colonized the primarily pure epithelial cell 
thymus anlagen. As a result of the intrathymic 
maturation process, there is the first expression of 
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CD2, an early stage dependent, highly specific, 
differentiation antigen (other names: 3A1, p40 
molecule, Til, 50kD sheep E-rosette receptor, 9.6, 
35.1, LFA-2 adherence molecule) (187). This 
antigen is also a surface component of the 
alternative or antigen independent pathway of T cell 
activation. CD2 is a 50-55 kD, single-chain 
glycoprotein expressed on the majority of peripheral 
T cells and thymocytes (188). CD2 contains three 
epitopes: 

1 . T 1 1 . 1 , or the sheep erythrocyte-binding epitope; 

2. T1 1.2, expressed on "resting" T cells; and 

3. T11.3 alternatively, CD2R is a conformational 

epitope, which only appears after thymocyte 

activation. 

Membrane expression of TCR a, (3-CD3 
complex (182, 189, 190). The close cell to cell 
contact with the RE cells (process of self recognition 
"teaching") results in expression of MHC class I 
receptor on thymocytes (181, 191-194). 

Induction of the first proliferative wave in 
immature thymocytes by the specialized and 
subcapsullarly seated RE cells (A 2 B 5 + , TE4 + , Thy-1 
subpopulation). They are operated through the LFA- 
3 (CD58; gp 50) adherence molecules of RE cells, 
serving as receptors for the de novo expressed CD2 
antigens. 

The immature embryonal thymocytes in all 
investigated species lack nuclear expression of TdT. 
The thymic RE cells control TdT expression. The 
functional changes within the RE cells are so fast 
and powerful that 1-2 days difference in age 
represent various inductive power. The presence or 
absence of TdT in thymocytes roughly corresponds 
to steroid sensitivity or steroid resistance of 
thymocyte subsets. 

The commencement of the main histogenetic 
changes is marked by organization of the loose 
structure of the RE network from the initial, pure 
prismatic epithelial thymic anlagen. By 8.5 weeks, 
the right and left thymic anlagen fuse. The A 2 B 5 + , 
TE4 1 and Thy-1 1 RE cells form the central portion 
of the thymus. The cell surface antigenic 
characteristics of the remaining RE cell 
subpopulation: TE3 + , LFA-3 1 and MHC class I 
antigens positive (restricted!). In the 24 mm long 
human embryo, the first blood vessels have already 
migrated from the ectomesenchyma, but 

mesodermal cellular elements are also present. 

10 Weeks 

The T lymphocyte antigen CD1 (also termed T6, 
NA1/34, VIT 6, Leu 6, triad of 43, 46, and 49 kD 



cell surface antigens) is expressed on cortical 
thymocytes and peripheral T cells. 

CD4 and CD8 first appeared, to define a basic 
dichotomy, characteristic for the development of T 
lymphocytes. CD4 (OKT4, Leu3) represents a 62 kD 
cell surface antigen expressed on helper/inducer 
peripheral T cells, most thymocytes, and, in low 
density on monocytes, tissue macrophages, and 
Langerhans cells. The CD4 molecule is physically 
linked to the CD3/TCR complex, stabilizing Ti 
antigen interactions by binding to MHC class II 
molecules. CD8 (OKT8, Leu2) is a cell surface, 76 
kD mol weight antigen, expressed on most 
thymocytes and peripheral blood T cells involved in 
cytotoxic/suppressor cellular immunological 
interactions. The CD8 antigen participates in the 
alloantigen recognition by stabilizing the Ti antigen 
during the interactions between T cells and MHC 
class I antigen bearing thymic macrophages or 
dendritic cells. This differentiation pathway is 
referred to as the double negative - double positive - 
single positive (DN-DP-SP) maturation. DP 
populations are generated through an immature 
CD4"8 + "transit" cell population. These membrane 
associated ligands stabilize MHC restriction, the 
interactions of TCR with "other self cells" carrying 
the MHC class I and II antigens. 

As a result of the extremely high proliferation 
rate, the thymic mass markedly expands in all 
dimensions and its cellular organization changes: 
numerous microlobules are formed. No medullary 
area is distinguishable yet. A TE3 + cortical RE zone 
is formed surrounding the TE4 + , A 2 B 5 f and Thy-1 + 
subcapsular, already endocrine, RE part. 

In morphologic terms, the thymic cell types, 
already immuno-characterized above with their cell 
surface antigenic profile are classified as: 

1. LARGE THYMOBLASTS (CD7 + , CD2 + , CD3", 

CD4', CD8", the "triple negative 

immunophenotype", a great number of them are 
located subcapsullarly); 

2. CORTICAL (immature, non-immunocompetent) 
THYMOCYTES (CD7 + , CD2 + , CD3 + , CD4 + , 
CD8 + ); 

3. MEDULLAR (mature, immunocompetent) 
THYMOCYTES a mixture of CD4 + 8‘ (majority, 
helper/inducer) and CD4"8 + (minority, 
cytotoxic/suppressor) T lymphocytes; and 

4. THYMIC NURSE CELLS (TNC) widely 
accepted function derived name of a specialized 
form of A 2 B 5 + , TE4 + , and Thy-1 + subcapsullarly 
located, large RE cells. 
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11-12 Weeks 

Mature T cell antigens, the receptor associated 
CD3 molecules, first appear. Mature T lymphocytes 
are identified by the expression of the following, 
surface differentiation markers: CD7, CD2, CD3, 
CD5, CD6, CD4 or CD8 positivity is required and T 
cell receptor antigens as well as the CD3 segment 
and MHC class I antigens. 

Co-expression of the mature thymocyte 
expresses antigen CD45 (also named T200, because 
it has a molecular weight of 200-220 kD), leukocyte 
common antigen (LCA) is also present on "virgin" 
or unprimed T cells. This antigen is an enzyme - 
CD45 phosphotyrosine phosphatase and regulates 
the biologic action of p59 (fyn) protein tyrosine 
kinase (195). 

The mature T lymphocytes (TCR a, (3 and 
WT31 + or TCR 8 , y) in the human thymus do not 
remain in the proliferative cycle. It has recently been 
reported that only 60-70% of DP cortical thymocytes 
is also Ki67 + and 20-30% demonstrates BrdU 
positivity. This suggests that some thymocytes in 
this maturation stage leave the cell cycle to become 
a "resting" population. 

Finally, recent studies have detected that only 
the TCR a, (3 cell lineage is subjected to MHC 
guided "education," while the TCR y, 8 lineage does 
not appear to be MHC restricted. Such "uneducated" 
cells were detected within the youngest 
(investigated) embryonal avian thymus, but their 
number remains rare (<1%) and does not change 
during the stages of fetal and postnatal development. 

By the 12th week of prenatal development, the 
TE3 1 RE cells have proliferated and assumed their 
position in the inner cortical zone. 

13-16 Weeks 

The morphologically well-known thymic tissue 
is already formed. At the end of this stage, the first 
Hassall's bodies (HBs) appear. The HBs have very 
special antigen expression, unique only for their 
antigen characteristics: the outer layer of the bodies 
demonstrate the presence of antigens typical for the 
cells of the RE network: TE8 + , TE16 + , and TE19 1 
(antigen present only in HB). The bodies are 
organized in a concentric manner in which the inner 
cellular layer is also present. These cells are 
different from the cells forming the outer layer, and 
demonstrate expression of TE15 1 and TE19 + 
antigens. These four mouse-anti human MoABs 
were raised against thymic epithelial cells. They 
reacted positively not only with RE cells and the HB 
of human thymic medulla, but also stained cells of 
the terminally differentiated layers of the epidennis 



and dermis. 

The medullary RE cells also contain high and 
low molecular weight cytokeratins and intermediate 
filaments (IF) also typical for the HBs. 

Employing a library of mouse anti-human 
thymic RE cells specific MoABs [developed by 
Haynes and co-workers (185, 186, 196, 197) and 
from the laboratory of van Vliet (198, 199), the RE 
cellular network was subdivided by cell surface IP 
into three zones. Migrating to the medulla, the 
thymocyte cell surface differentiation antigenic 
profile (CD antigens) has assumed the mature 
pattern seen in peripheral, immunocompetent T 
lymphocytes. 

From 1 6 Weeks to Birth 

Recent knowledge of thymus histogenesis 
indicates that this organ is fully developed during 
this late prenatal period. The cytogenetical changes 
are still significant, such as continuous, extremely 
high rate of cell proliferation, resulting in expansion 

in size of both the cortex and medulla, and formation 

+ 

of immunophenotypically very similar (TE4 , Thy- 

+ + 

1 and A_,B. ) subcapsular cortical and medullary 
RE cell zones (representing the endocrine portion of 
the thymus). These cells produce the so-called 
thymic hormones such as thymosins, thymulin 
(FST), and thymopoietin, whereas the TE3 RE cells 
(inner cortical zone) do not secrete them. The thymic 
tissue, after a wave of rapid expansion of both cortex 
and medulla, undergoes a de novo lobulation. After 
the 16th week, the cell surface IP changes are only 
minimal in the observed thymic cell populations 
(thymocytes, RE cells and thymic stromal dendritic 
elements). 

At birth, the thymus is large relative to total 
body weight (average weight, 13 g). Its absolute 
weight increases in the first two years after birth and 
at approximately 11-12 years of age reaches its 
maximum weight of 30-40 g. After this age the 
thymic weight begins to decrease to an adult weight 
of approximately 15 g or less. 
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Chapter 2 

The Reticulo-Epithelial (Re) Cellular Network of the Mammalian 
Thymus 



Abstract: The thymus provides an optimal humoral and cellular microenvironment for the development of immunocompetent T 

lymphocytes. Although yolk sac-derived pre-T, committed hematopoietic stem cells enter the thymus using a homing 
receptor, the immigration process also requires secretion of a peptide called thymotaxin by the cells of the reticulo- 
epithelial (RE) network of the thymic cellular microenvironment. The majority of RE cells have a round or irregular pale 
nucleus, which contains few, scattered, chromatin granules with a defined, spherical nucleolus, rich in basic histones. 
Their cytoplasm occasionally displays RNP granules, and is rich in non-histone proteins, fine phospholipid, lipid or 
cholesterin granules, and vacuoles filled with secreted substances. The cells of the subcapsular, “endocrine” type RE cell 
layer (giant or nurse cells), characterized by PAS positive granules, express A2B5/TE4 cell surface antigens and major 
histocompatibility complex (MHC) Class I (HLA A, B, C) molecules. In contrast to medullar RE cells, these subcapsular 
nurse cells also produce thymosins (33 and (34. Thymic nurse cells (TNCs) display a neuroendocrine cell specific 
immunophenotype (IP): Thy-1 , A2Bs + , TT , TE4 , UJ13/A , UJ127.il , UJ167.il , UJ181.4 , and presence of common 
leukocyte antigen (CL A ). Medullar RE cells display MHC Class II (HLA-DP, HLA-DQ, HLA-DR) molecule restriction. 
These cells also contain transforming growth factor-|3 (TGF-(3) type II receptors and participate in the positive selection of 
T lymphocytes. Transmission electron microscopic (TEM) observations have defined four functional subtypes of medullar 
RE cells: undifferentiated, squamous, villous, and cystic. All subtypes are connected by desmosomes. 
Immunocytochemical observations have shown that the secreted thymic hormones, thymosin al and thymopoietin (and its 
short form, thymopentin or TP5), are produced by the same RE cells. Thymic RE cells also produce numerous cytokines 
including IL-1, IL-6, G-CSF, M-CSF, and GM-CSF that likely are important in various stages of thymocyte activation and 
differentiation. The co-existence of pituitary hormone and neuropeptide secretion, such as growth hormone, prolactin, 
adrenocorticotropic hormone, thyroid stimulating hormone, triiodothyronine, somatostatin, oxytocin, follicle stimulating 
hormone, luteinizing hormone, arginine vasopressin, growth hormone releasing hormone, corticotropin releasing 
hormone, nerve growth factor, vasoactive intestinal peptide, (pro) enkephalin, and (3-endorphin, production of a number of 
interleukins and growth factors, as well as the expression of receptors for all, by the same RE cell is an unique molecular 
biological phenomenon. These data illustrate the immensely important and diverse immuno-neuroendocrine functions of 
the thymic RE cellular network. Based on our systematic observations of the thymus in humans and other mammalian 
species, we suggest that the thymic RE cell network represents an extremely important cellular and humoral 
microenvironment in homeopathic regulatory mechanisms of the multicellular organism. Intrathymic T lymphocyte 
selection is a complex, multi-step process, influenced by several functionally specialized RE cell subtypes and under 
constant immuno-neuroendocrine regulation, reflecting the dynamic changes of the organism. 



Key words: Thymic histogenesis; Thymic cellular and humoral microenvironment; Thymic reticulo-epithelial (RE) cells; 

Transmission electron microscopy (TEM); Scanning electron microscopy (SEM); Cell surface antigens; Cellular 
immunophenotype (IP); Major histocompatibility complex (MHC); Monoclonal antibodies (MoABs); 
Immunocytochemistry; Thymic hormones; Intrathymic pituitary hormones; Intrathymic neuropeptides; Immuno- 
neuroendocrine regulation. 



1. INTRODUCTION 

After detailed descriptions of histogenesis, 
thymic research has increasingly aimed at a better 
understanding of intrathymic T lymphocyte 
maturation and differentiation, one of the main 



functions of the thymic stromal microenvironment 
(1-11). We agree with Trainin (12) that Maximow 
(13, 14) was the first thymologist to mention a close 
cellular interaction between thymic RE cells and the 
maturating thymocytes. He first suggested the 
production of a chemotactic (humoral) substance by 
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the RE cells of the thymic microenvironment 
involved in the immigration of lymphopoietic stem 
cells into the thymus. As demonstrated in the 
experiments of Jolly and Gregoire, the regulation of 
thymic lymphopoiesis is critically related to the 
function of stromal accessory cells and the RE cell 
network of the thymus, organized in so-called 
"lympho-epithelial symbiosis" (15-23). 

The thymic RE cells provide the optimal cellular 
and humoral microenvironment for intrathymic T 
lymphocyte differentiation, which manifests itself in 
a number of regulatory pathways: 

1. secretion of a great number of polypeptides, 
including the thymic hormones and cytokines; 

2. cell-cell interactions through adhesion 
molecules and those between major 
histocompatibility complex (MHC) class I and 
class II proteins and the TCR within the context 
of CD4 and CD8 molecules, respectively; and 

3. RE cells can bind and interact with 
differentiating T lymphocytes using 
extracellular matrix (ECM) ligands and their 
respective receptors. 

In all mammalian species, the prenatal thymic 
histogenesis can be immunomorphologically divided 
into three stages: 

1) Epithelial Thymus 

The embryonic, epithelial pharynx serves as the 
origin for different organs. Originally, it is lined 
with an epithelial cell layer of endodermal origin 
that expands into the pharyngeal pouches. In human 
embryos of 4-9 mm length, thymic, pure epithelial 
anlagen are formed from the dorsolateral portions of 
the 3rd pharyngeal pouch, as a tube-like expansion 
(5,24-34). 

In the absence of humoral and direct cellular 
interactions with the ectomesenchyme, the primary 
epithelial tissue is unable to proliferate (the humoral 
interaction probably represents the earliest 
production of epithelial growth factor (EGF) and 
expression of its receptor on the surface of thymic 
epithelial cells, earliest expression of erb-B2 
oncogene intramembrane protein and the cell-cell 
contact relationship) (35-39). The earliest expression 
of the oncogene c-myc was detected between 7-10 
weeks of human embryonic differentiation (19, 40- 
42). To date, such an early human thymus was not 
directly investigated, but around the thymic anlagen, 
over 20% of cells in other tissues expressed c-myc: 
brain, intestines, kidneys, lung, and skin (43). C-myc 
expression is not a simple marker of proliferation, 
but rather reflects tissue specific gene regulation 
(43). In general, the nuclei of these epithelial cells 



are large and more dichromatic than nuclei of 
reticular cells. The vacuolated appearance of their 
cytoplasm, as seen in the light microscope (LM), is 
characteristic for the primary epithelial cells in more 
advanced stages of development and differentiation. 
The epithelial cell cytoplasm contains large 
accumulations of (3-glycogen granules. In this stage 
of histogenesis the mitotic activity of epithelial cells 
is extremely high 

2) Lymphopoietic or Lympho-Epithelial 
Thymus 

Large magnitude of lymphopoiesis is initiated by 
the immigration of pluripotent, but already 
lymphocyte cell lineage committed hemopoietic 
stem cells during the 6-7th week of intrauterine life 
(44-73). The "early stem cell chemotactic factor", 
required for immigration is produced by the cells of 
the ectomesenchyme or by the surface molecules of 
epithelial cells of thymic anlagen, developed under 
the ectomesenchymal regulation influence (74-83). 
In this early embryonal period, three mechanisms of 
regulation are present in the lymphopoietic thymus: 

1 . intracellular regulatory interactions between 
cortical and specialized RE cells, endodermal in 
origin, and immature thymocytes (thymic nurse 
cell - TNC); 

2. cell to cell type interactions between 
"embryonal thymic stromal cells" and 
thymocytes (formation of different forms of T 
cell rosettes) (84-95); and 

3. secretion of humoral type active substances that 
play a regulatory or in situ role. 

Since the 10th week of gestation, the rapid daily 

cellular proliferation has enabled the thymus to 
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produce 40-50 X 10 thymocytes within the thymic 
cortex (48, 77, 96-108), but only 1-3 x 10~ leave the 
organ as "mature", immunocompetent T 

lymphocytes (48, 99). The constant proliferation of 
thymocyte subpopulations results from the 
permanent presence of a high percentage of 
"activated thymoblasts", an autocrine stimulus for T 
cell growth and proliferation (109). The humoral 
regulatory interactions result in permanent 

combinant production of lymphokines, interleukins 
1, 2, 4 and 7 (IL-1, IL-2, IL-4, IL-7) (53, 56, 58, 60, 
79,91,96, 97, 100, 101, 110-125). 

3) Differentiation of the Cellular Thymic 
Microenvironment 

There is rapid proliferation and differentiation of 
all the various cell types in the thymus, which results 
in the expansion of the thymic RE network, and 
thymic stroma and their reorganization as an unique 
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thymic cellular microenvironment. The thymic 
cellular and humoral microenvironment (49, 77, 84- 
91, 93, 110, 126-141) also contains non- 

lymphopoietic, accessory (antigen presenting) cells 
(dendritic cells, macrophages, interdigitating cells, 
Langerhans cells) (47, 83, 106, 123, 142-157). Their 
influential action on the intrathymic T lymphocyte 
differentiation pathway is still not clear. The rapid 
proliferation rate of thymocytes also predicts a 
dynamic cell surface antigenic redistribution, 
rearrangement of T cell receptor (TCR) genes and 
heterodimer surface molecules. The extremely high 
mitotic activity of the thymocytes causes them to 
accumulate at the periphery of the newly formed 
thymic lobules, thus an early cortex and medulla are 
distinguishable. Within small medullary areas, few 
hypertrophic RE cells are already present, 
recognizable by their large eosinophilic cytoplasmic 
granules. Occasionally, some erythropoietic and 
granulopoietic stem cells are also located in the 
perilobular loose connective tissue. The 
differentiation of ectomesenchymal cells is marked 
by the first appearance of mast cells within the 
developing thymic parenchyma and in the loose 
connective tissue of the primary capsule. 

The first appearance of the Hassall's bodies 
(HBs) occurs between 50-60 mm fetal length in the 
third lunar month of human prenatal development 
and 38-39th day of gestation in dogs (86, 110, 126, 
158-170). The thymic organogenesis is complete at 
this stage, also marked by clear separation of the 
cortex from the medulla. 



2. CYTOMORPHOLOGY OF THE 
THYMIC RE CELLS 

Cytomorphological observations by several 
research groups (171-174) in human and other 
mammalian thymus glands enumerated the 
following characteristics of the thymic, endodermal 
in origin RE cells: round, oval, irregular or grooved 
nucleus, with a sharply defined spherical nucleolus, 
a thin, fragile nuclear membrane, and a few 
scattered, chromatin granules. In contrast, the always 
present reticular cells of mesenchymal origin had a 
nucleus richer in chromatin, more clumping of 
chromatin granules, and a heavier nuclear membrane 
than the thymic RE cells (175). The cytoplasm 
demonstrated little affinity for any stain, sometimes 
contained numerous vacuoles full of secreted 
mucosal substance or simple lipid granules. The 
cytoplasmic processes were either vacuolated or 
contained already phagocytized cellular debris. 



Cortical RE cells have a pale nucleus which only 
contains fine chromatin dots and is between 6.8 and 
10.7 pm in diameter (174). The cortex contains 
numerous proliferating RE cells. The largest mitotic 
figures are scarce and show a colorless and poorly 
limited cytoplasm. These, therefore, are considered 
to be RE cell mitoses, and are quite numerous in the 
prenatal thymic cortex. In contrast the reticular cells 
of mesenchymal origin had a more chromatic 
nucleus, with a heavier nuclear membrane than the 
thymic RE cells, and more clumping of chromatin 
granules (176). 

Some cortical RE cells are differentiated to save 
a minimal number of thymocytes from in situ 
(within the thymus) occurring death, forming 
lymphoepithelial complexes. These cells were 
named Thymic Nurse Cells (TNC) by Wekerle and 
co-workers (177, 178), and represent a "one cell 
thymic microenvironment" for T lymphocyte 
maturation, education and MHC restriction. 

In the medulla, the RE cells are numerous, 
presenting the most important cell type (RE cells are 
three times as abundant in the medulla as in the 
cortex). Numerous RE cells of the medulla 
degenerate through the process described by Jolly in 
1923 (179), consisting of the clumping of chromatin 
into dots, each one appearing as it enclosed in a 
vacuole. These dots then progressively disappear so 
that, at the end, the nuclei look like empty spaces. 
Such degenerating nuclei are seen either in isolated 
RE cells or in those making up the structures of the 
Hassall's bodies (HB). In some cases, RE cells could 
be found with two nuclei (180-182) and in one cell 
layer, under the capsule, the so-called "giant cells" 
(162, 181, 183-185). These "giant cells" were 
examined by Metcalf and Ishidate (185) and their 
conclusions were that these cells are RE cells in 
hypertrophy and contain a strong PAS positive 
granular substance in their cytoplasm (these giant 
RE cells are in the same place than the TNCs, they 
are HLA, Class I restricted and Thy-1 antigen is 
present on their cell surface). The nucleolus of RE 
cells is very rich in basic histones (186) and the 
cytoplasm always contains RNP granules rich from 
non-histone proteins (42, 187, 188). Concerning the 
histochemistry of the RE cells, we found a large 
collection of publications in the literature. PAS 
positive granules are always present in the 
cytoplasm, of course the different physiological 
condition might be important for the different means 
(162, 184, 185, 189-191). The histochemical nature 
of these granules is glycogen. The presence and 
appearance of the different lipids and phospholipids 
in the thymic tissue, especially in the RE meshwork, 
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is very important during the organogenesis as a 
reserve and during the process of involution after 
different agent as remarkable degeneration. There 
are numerous publications about the lipids in the 
thymic literature, fine granules were described in all 
RE cells, but phospholipids and cholesterol consists 
were also found (37, 162, 181, 192-200). With the 
aging, the mass of the lipid granules in the 
cytoplasm of the RE cells is increasing rapidly 
(foamy cells), as an important characteristic of the 
normal age-involution of the organ (37). The process 
begins in the thymic cortex, with a big depletion of 
the thymocyte number and these lipid containing 
cells are very easy to recognize. Naturally, with 
aging, the mesenchymal lymphocytes are also 
present in the interlobular septa (1 10, 201). 



3. HISTOCHEMISTRY 

The histochemistry of thymic RE cells has been 
extensively described in the literature. Granules with 
strong PAS positivity are always present all over the 
cytoplasm, but different physiological conditions 
result in various cytoplasmic distributions of these 
glycogen-containing granules (162, 202-207). The 
nucleolus of RE cells is very rich in basic histones 
(186) and the cytoplasm always contains RNP 
granules rich in non-histone proteins (42, 208). 

The appearance of lipid and phospholipid 
droplets within the cytoplasm of RE cells is 
biologically important during organogenesis (as a 
nutritional reserve) and during the process of acute 
involution caused by various agents (as cell 
degeneration products). Fine lipid granules have 
been described in all RE cells, but phospholipids and 
cholesterol have also been observed (162, 181, 194- 
196, 198, 209-212). With aging, the total mass of the 
lipid granules in the RE cells increases rapidly 
(transformation to foamy cells), as an important 
characteristic of the normal age-related involution of 
the organ (37, 195, 213, 214). This process begins in 
the thymic cortex, with a great depletion of 
thymocytes, which makes this lipid containing RE 
cells very easy to recognize. Naturally, with the 
progression of aging-related tissue changes, the 
mesenchymally located lymphocytes also move to 
the interlobular septa (110). 

The histochemistry and histoenzymology of RE 
cells and their significance in metabolistic relations 
to other cells of the microenvironment have not been 
extensively observed (110, 176, 215-240). The RE 
cells are richer in mitochondrial enzymes than the 
lymphatic elements of thymic tissue. The presence 



of these enzymes, the oxydoreductases (LDH, SDH, 
MDH, and G-6 PDH), is a morphological 
characteristic of very active cellular metabolism. 
The level of lysosomal enzymes (hydrolases) in RE 
cells is smaller, but they are always present (acid 
and alkaline phosphatase, (3-glucoronidase, G-6- 
phosphatase, and specific and non-specific 
esterases). The appearance of alkaline-phosphatase 
(AP) is directly related to the functional activity of 
RE cells (236-239). Active medullar, AP rich RE 
cells have been detected and, later, named alkaline 
phosphatase rich or APR cells. The presence of 
lipase was described by Day (226-229) and its 
appearance plays a role in the active lipid 
metabolism within RE cells. Szigeti (234, 235) also 
detected acid paranitro-phenol-phosphatase activity 
in these cells, and reported that the level of this 
enzyme is age-dependent, being higher in older 
thymuses and thus its presence might be an 
important indicator for the new formation of HBs. 

In terms of research on enzyme production and 
the role of enzymes in the metabolism of RE cells, 
the thymic literature is poor (110, 176, 224, 226, 
232, 236-239, 241). The RE cells are richer in so- 
called mitochondrial enzymes than the lymphatic 
elements of the thymic tissue. These oxyreductive 
enzymes (LDH, SDH, MDH, and G-6 PDH) are 
morphological characteristics of the very active 
cellular metabolism. The level of the lysosomal 
enzymes (hydrolases) are smaller, but they are 
always present (acid and alkaline phosphatase, (3- 
glucoronidase, G-6-phosphatase, and specific and 
non-specific esterases). The appearance of the 
alkaline-phosphatase is always a characteristic of the 
functional activity of the RE cells, in some cases, by 
Timperley and co-workers (236-239) RE cells were 
described with a rich contain and later named APR 
cells. The presence of lipase was described by Day 
(226) and his appearance plays a role in the active 
lipid metabolism of the RE cells. Szigeti (234) had 
found in these cells acid paranitro-phenol- 
phosphatase activity, and described that the level of 
this enzyme is age-dependent higher by older 
thymuses and its presence and appearance might be 
an important indicator for the formation of the HBs. 

Our systematic histochemical and 
histoenzymatic observations of the human fetal 
thymus revealed that the level of several 
dehydrogenates was higher during prenatal 
ontogenesis. The enzyme levels showed an age- 
dependency during the maturation of the thymic 
cellular microenvironment. The enzymatic levels 
were extremely high in the so-called alkaline 
phosphatase rich (APR) mostly medullar RE cells 
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(110, 242, 243), and in RE cells included in the 
periphery of HBs (243). The presence of 85-3(3- 
steroid-dehydrogenase in the medullar RE cell 
subpopulation was detected from the beginning of 
the third lunar month. The most interesting result in 
our material, was the detection of 8 5-3 (3-steroid- 
dehydrogenase in the cells of the RE meshwork 
from the third lunar month. The level of this enzyme 
was higher in the hypertrophied RE cells, which 
represent the functionally most active variation of 
the RE cells. 



4. ELECTRON MICROSCOPY 

In the last 50 years, several works employing 
transmission electron microscopy (TEM) were 
published focusing on the mammalian thymus in 
general; for example in mice (244-246), in rats (247, 
248), in hamsters (249, 250), in monkeys (251), and 
in guinea pigs (252). Very few TEM studies were 
performed on the thymus of birds. Clawson, Cooper 
and Good (34) studied the compared characteristics 
of lymphocytes in the bursa of Fabricius, the thymus 
and peripheral lymphoid germinal centers in 
chickens and Gilmore and co-authors (253) 
described the presence of intercellular cysts and 
myoid cells in the thymus of the cockerel. 
Systematic observations for TEM of the human fetal 
thymus had been described by Kameya and 
Watanabe (254), Pinkel (255), Hirokawa (256), Haar 
(257), and Bartel (258). 

Hoshino (246) described two categories of cells 
in the thymic reticulum: The reticulo-epithelial cells 
and the macrophages or mesenchymal cells. The 
presence of desmosomes at the cell surface and 
bands of cytoplasmic tonofibrils have allowed a 
clear distinction between the RE cells, which 
possess these features and the mesenchymal 
"reticular" cells. Izard (259) also described two cell 
categories in guinea pigs: desmosomal reticular cells 
and phagocytic reticular cells. The desmosomal type 
cells were the most numerous and were always 
situated within the groups of lymphocytes. Their 
nucleus was large and stellate. Its chromatin was not 
as dense as the surrounding thymocytes'. The 
nucleolus was spherical and central with a prominent 
nucleolonema. The cytoplasm was extended in thin 
processes between the thymocytes. These RE cells 
and their processes were connected by typical 
desmosomes. The cytoplasmic content differed, 
according to the age of the guinea pigs. In fetus and 
newborn, the principal feature consisted of abundant 
granules of glycogen, clear vacuoles and lipid 



droplets. Moreover, there were mitochondria, 
microbodies, a Golgi apparatus and an endoplasmic 
reticulum. In some cells, many intracytoplasmic 
cysts, lined by microvilli were found. No 
morphological evidence of a granular secretion 
resembling that of exocrine or endocrine gland was 
ever seen. In the adult thymus, the cytoplasmic 
content was poorer. Both the cortical and the 
medullar RE cells seemed to be morphologically 
identical. Near the Hassall's bodies some RE cells 
contain numerous peculiar granules of different size 
(1.300 A to 1.5 pm) and very dense, in close 
association with the tonofilament bundles. Around 
these granules, numerous ribosomes were scattered. 
The RE cells, the only dense granules usually 
observed were keratohyalin granules linked to 
keratinization (259). The mucous droplets were very 
rare and resemble more a degenerating form, than an 
active secretory process (260). The reticular cells 
from the so-called deep cortex, close to the cortico- 
medullary junction, resembled "undifferentiated 
medullary epithelial cells" (252). Mandel (252) 
classified the medullary RE cells of the thymus in 
guinea pigs as being undifferentiated, squamous, 
villous, and cystic. The RE cells present in the outer 
cortex were characterized by the presence of a pale 
nucleus (usually stellate), which contained a 
prominent central nucleolus. Their perinuclear 
cytoplasm was sparse, but long cytoplasmic 
processes extended from the cell body passing in 
between the closely packed lymphoid cells. Well- 
developed desmosomes joined these processes. The 
cytoplasm contained bands of tonofibrils, scattered 
polyribosomes, a few cisternae of endoplasmic 
reticulum, always lipid droplets and occasional 
mitochondria. A feature of these cortical RE cells 
was the presence of numerous membrane-bound 
bodies. They usually consisted of a large membrane- 
bound space, which was partially filled with smaller 
vesicles. The number and size of these vesicles 
varied, ranging from numerous to a relatively small 
number aggregated near the bounding membrane of 
the parent body. These structures did not stain for 
acid phosphatase. The majority of cells in the cortex 
were separated by an intercellular space of 200A. It 
is possible, described Mandel (252), that the 
medullary "undifferentiated RE cells may act as 
stem cells for the structurally specialized cortical 
epithelium." We never recognized various 
morphological or functional forms of the thymic RE 
cells in dogs. Our view, according to Lundin and 
Schelin (248), is that the medullary and cortical RE 
cells are members of a united thymic cellular 
meshwork. It has been suggested that the 
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subcapsular RE cells (thymic nurse cells), play a role 
in the initiation or control of thymocyte maturation. 
The close membrane contact and possible 
cytoplasmic continuity may facilitate an easy, 
humoral transfer between RE cells and thymocytes. 

Ito and Hoshino (261) investigated the 
ultrastructure of the thymus in mice (5-8 weeks old 
Japanese dd-strain mice). In the medulla of the 
thymus, the RE cells form a network and they are 
interconnected with desmosomes. These cells often 
contain large vesicles of round or somewhat round 
shape, which are surrounded by a limiting 
membrane with a number of microvilli projecting 
into the lumen. The ciliated vesicles containing RE 
cells are usually polygonal in shape. Generally, they 
contain a single ciliated vesicle located in the 
cytoplasm adjacent to nucleus. Such vesicles are 
spherical, measuring 5 to 9 pm in diameter. The 
vesicles contain amorphous substance of low 
density, and small dense granules measuring 20 to 
30 pm in diameter. With light microscope 
examination, the PAS staining reveals that these 
contents in the lumen are strongly PAS positive. In 
the cytoplasm, smooth surfaced vesicles, which were 
smaller than 200 pm, were present in large numbers. 
A small number of oval or rod-shaped mitochondria 
and Golgi apparatus were also seen in the cytoplasm. 
The presence of the intracytoplasmic vesicles might 
suggest a secretory activity of these cells. These 
ciliated vesicle-containing RE cells can be 
distinguished from the cells in the wall of the cysts, 
because the vesicles are intracytoplasmic. 

Frazier (262) observed the ultrastructure of the 
thymus in chicken (Rhode Island Red strain, ranging 
in age from 1 day to 12 weeks). He reported that 
cortical RE cells have long cytoplasmic processes 
and display two varieties (pale and dark) of the 
morphological form. Most of these cells contain a 
pale nucleus, one or two nucleoli and the nuclear 
membrane is often indented. The cytoplasm is pale, 
and cytoplasmic organelles include ribosomes, a few 
small mitochondria, a Golgi apparatus, vacuoles 
with amorphous contents and dense granules of 
various sizes. Intracytoplasmic fibrils are always 
present and desmosomes connect the long 
cytoplasmic processes with those of adjacent RE 
cells. Other cortical RE cells have a much darker 
nucleus with an irregular outline, and its form is 
often elongated. Their cytoplasm is dark, but 
vacuoles, similar to those seen in the pale RE cells, 
are present, and sometimes the dense granules are 
evident in the cytoplasm. Desmosomes connect the 
plasma membranes to adjacent RE cells. 
Morphological forms intermediate between these 



two are also present. The pale RE cells are typical 
for the cortex, the dark RE cells are a common 
feature of the medulla. They often appear in small 
groups where desmosomes connecting adjacent cells 
are sometimes seen. Another type of RE cell is 
found in the medulla and the cortico-medullary 
junction of the thymus, the so-called 
"undifferentiated epithelial (UE) cell". This cell is 
characterized by a pale, spherical or oval nucleus 
containing one or two nucleoli. The nuclear 
membrane is not indented. The cytoplasm contains a 
Golgi apparatus and centrioles are often seen in the 
Golgi region. Mitochondria, polyribosomes, 
endoplasmic reticulum and a few small dark 
granules are also present, but intracytoplasmic fibrils 
are rare and desmosomes are infrequent. In the 
medulla, these cells are often in small groups. 
Numerous medullary RE cells are involved in the 
formation of intracellular and intercellular cysts. 
These cystic RE cells vary considerably in their 
morphological features. The morphologic 
characteristics are similar to other RE cells, but very 
few cytoplasmic fibrils were detected, while other 
subtypes of RE cells contained numerous 
cytoplasmic fibrils which were often present around 
the borders of the cyst. The cells usually contain 
only one large cyst which was lined by microvilli, 
but rarely, two or three smaller cysts were seen. The 
cysts contain dense granules, droplets and 

amorphous material. Associated with both 

intercellular and intracellular cyst-forming cells, and 
present throughout the medulla, were other cells 
which, characterized by the presence of numerous 
dense, spherical granules or droplets in their 
cytoplasm. Some of the granules have an outer 
limiting membrane but often this is absent. The 
nuclei of these cells were spherical or oval, with one 
or two prominent nucleoli. The cytoplasm contains 
some endoplasmic reticulum and intracytoplasmic 
fibrils were also present in some cases. These cells 
have epithelial characteristics, since occasional 
desmosomes can be seen. Intercellular cysts vary 
considerably in complexity. Some of the simpler 
cysts were formed from two or three cells which 
vary in morphology from very pale to very dark. The 
nuclear membrane of these cells was often highly 
indented and the cytoplasm contained a variety of 
organelles including mitochondria, endoplasmic 
reticulum, spherical inclusions resembling lipid 
droplets and very small, dark granules, which were 
possibly glycogen. Intercellular cysts were in some 
cases seen to be formed by junctions between the 
dark and pale cells. Microvilli project into the 
lumina of the cysts and some cysts appear to be 
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empty, while others contain dense granules and 
amorphous material. Cysts that are more complex 
were formed from three or more RE cells or from a 
variety of cells. Very rarely, cilia were present in 
lumen wall. Another type of RE cell in the medulla 
may be named as a squamous epithelial (SE) cell 
(252), since the prominent features of this cell type 
was an abundance of cytoplasmic fibrils and 
desmosomes, and they resemble keratinizing SE 
cells. The nucleus was oval or round and slightly 
indented. A nucleolus was usually present and 
moderate numbers of mitochondria and ribosomes 
were present in the cytoplasm. These cells may be 
found in groups in the medulla and they are also 
concerned with the formation of the HBs. Although 
many of the RE cells in chick thymus can be 
classified as "undifferentiated", "squamous", and 
"cystic". Villous cells were not particularly 
prominent. Some authors (261, 262) are of the 
opinion that these cystic epithelial (CE) cells show 
cytoplasmic features suggesting a secretory function. 
Gad and Clark (263) provided some evidence to 
suggest that cystic RE cells in mouse thymus secrete 
a sulfated mucoid lymphopoietic hormone and 
Henry (264) reported that a mucoid substance is 
regularly secreted by the RE cells (squamous?) 
forming the HBs and by isolated RE cells in the 
human thymus. Pfoch (265, 266) suggests that "clear 
vesicles" present in the RE cells of the rat thymus, 
are the morphological equivalent of the production 
of a thymic humoral factor (THF). Other authors 
consider that granular inclusions in cystic RE cells 
(249-251) may be related to a lymphocyte 
stimulating hormone (LSH). In the chick thymus 
(262) there are several structures suggesting 
secretory function. Many of the smaller intracellular 
and intercellular cysts were composed of 
morphologically diverse cells, containing a variety 
of droplets, inclusions and granules in their 
cytoplasm. 

Hirokawa (256) in his systematic observations 
on six late fetal human thymus (four during 4-6 
lunar months and one in the eighth and another one 
in the tenth lunar month) with TEM, described as 
basic structure of the thymic tissue, a cellular 
meshwork, loose in cortex and dense in medulla, 
composed of two types of RE cells. In cortex (at the 
22nd to 24th week the cellular network was 
composed of one type of RE cell, having slender, 
long cytoplasmic processes adhering one to another 
by desmosomes. The nucleus was larger and paler 
than that of thymocytes. The cytoplasm was narrow 
and contains a small amount of tonofibrils and 
smooth endoplasmic reticulum. In the medulla, he 



recognized two types of RE cells: designated as 
"slender" and "hypertrophic". The basic cellular 
elements of the medullary meshwork are the 
cytoplasmic processes of RE cells, like in the cortex, 
but smaller in size and darker in the density of the 
nucleus. The narrow cytoplasm was poor in 
organelles except for the numerous bundles of 
tonofibrils. "Slender" RE cell: long cytoplasmic 
processes adhere one to another by frequent 
desmosome formation. The "hypertrophic" type of 
RE cells, arranged in groups, have a large and pale 
nucleus, with one or two nucleoli, and wide, 
irregular cytoplasm. The cytoplasm is characterized 
by the presence of numerous small smooth surfaced 
vesicles (0. 1-1.0 pm in diameter) and occasionally 
several large vesicles (1. 0-3.0 pm in diameter), the 
wall of which is provided with microvillous 
processes into the lumen. These small vesicles 
contain a large amount of fine granular substance, 
which corresponds to PAS positive granules on light 
microscopy. In addition, there were tonofibrils of 
various thicknesses, saccular rough surfaced 
endoplasmic reticulum, microtubules and Golgi 
apparatus, variable in amount. Microbodies with 
homogenous interior of low density were also found 
in some cases. The small vesicles and the large ones 
with microvillous processes in the hypertrophic type 
were most prominent at the 22nd and 24th fetal 
week. In the thymus at the 16th fetal week, these 
cells were poor in organelles and contained no 
vesicles. In the neonatal period, the hypertrophic 
type cells with small vesicles were rather frequently 
observed, but the large ones with microvillous 
processes were rarely seen. As an evidence of 
secretory function of the thymus, PAS positive 
granules of colloid-like inclusions of Metcalf (267, 
268) were present in the RE cells of hypertrophic 
type localized in the medulla and identified electron 
microscopically as large vesicles with microvillous 
cytoplasmic processes, containing fine granular 
substance of moderate density. The vesicles were 
most frequently observed in the second half of the 
intrauterine life, when the thymic endocrine activity 
is considered to be the most active. These RE cells 
of hypertrophic type also composed the HBs. 

Bartel (258) provided observations on the thymic 
primordium in the initial period of gestation (4th to 
14th week of gestation). In the youngest primordium 
(4th week of intrauterine life), the detailed TEM 
analysis shows that the differences between the two 
types of cells described as dark, basophilic and 
scarce light cells in light microscope, are not 
generally significant. They are only noticeable 
regarding the aggregates of glycogen, which are 
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present in "light" cells. Tonofilaments and 

desmosomes can be observed in some cells. The 
nuclei were big and occupied a large part of the cell. 
They contained a small quantity of granular 
chromatin. In the "light" cells, the nucleoli were 
more distinct, whereas granular chromatin was 
scarce and evenly scattered. On the surface of both 
cell types, some cytoplasmic processes can be seen. 
The oval thymus anlage is surrounded by a delicate 
outer basal lamina, outside which there were 
numerous typical in appearance mesenchymal cells. 
The way, as described, in early thymic primordium 
(4th week of gestation) was not alymphopoietic, but 
instead, we believe that dark lymphatic stem cells 
were already present. The vacuoles and granules 
start to appear in the endodermal RE cells, together 
with the growth of the Golgi complex since the 1 Oth 
intrauterine week. 

During our electron microscopical (TEM, SEM) 
observations, we were able to distinguish various 
ultrastructural forms of thymic RE cells in dogs, but 
we support a view, similar to that of Lundin and 
Schelin (248) and Ropke and co-workers (269), that 
the medullary and cortical RE cells are members of 
an united thymic RE cellular meshwork, within the 
complex cell composition of the thymic stromal 
microenvironment (Fig. 1; Fig. 2; Fig. 3; Fig. 4; Fig. 
5; Fig. 6; Fig. 7). Functional investigation may 
reveal a RE cell specialization, resulting in 
specialized ultrastructural features: for example, it is 
clear that the subcapsular RE cells (giant or thymic 
nurse cells), play a role in the initiation or control of 
thymocyte maturation. The close intracellular 
cytoplasm-cell membrane contact between RE cells 
and the vast number of thymocytes may facilitate an 
easy cell surface molecule mediated and also a 
humoral type transfer between these cells. They 
often degenerate with more clumping of chromatin 
granules. Observations with TEM distinguished four 
different, probably functionally specialized types of 
medullary RE cells: undifferentiated, squamous, 
villous, and cystic, but all of them were connected 
with desmosomes. Scanning electron microscopic 
(SEM) observations revealed a close contact 
between the cytoplasmic processes of RE cells with 
thymocytes (Fig. 7; Fig. 8). 

A number of authors consider the cytoplasmic 
vacuoles to be morphological evidence of hormonal 
secretion in RE cells. In the literature, the function 
"humoral secretion" of these primitive, 
undifferentiated epithelial cells is accepted, recently. 
A human 9 weeks old fetus had epithelial cells on 
the outer surface of the thymus, columnar in shape 
(257). These epithelial cells were joined to each 



other with desmosomes and contained aggregates of 
glycogen, numerous mitochondria and rather short 
profiles of rough endoplasmic reticulum (RER). 

Hammar (161) conducted his studies in the frog, 
Rana temporaria: "Einige Male habe ich aber 
unentwickelte Schleimzellen mit erhaltenen 
charakteren von Retikuluinzellen gesehen. Sie gehen 
also offenbar aus solchen Zellen hervor....Die 
Entleerung des Sekrets muss notwendigerweise in 
die Maschen des Markretikulums hinein erfolgen". 
Maximow (13, 14), Hartmann (270), and Harland 
(271) reported in other mammalian species similar 
formations of vacuoles in the early RE cells. 
Maximow (13, 14) in his studies on the thymic 
ontogenesis observed the supporting effect of the 
endodermal epithelial anlage, seeming to attract the 
immigrating lymphatic stem cells (from the yolk 
sac) and to stimulate their rapid proliferation and 
maturation within the thymic humoral 
microenvironment. A similar thymocyte 
differentiation stimulating influence of the RE cells 
has been reported in regenerating thymus implants 
(19, 272, 273). In the serial investigations with 
injection or implantation of tissue composed 
predominantly of thymic RE cells, in the regional 
lymph nodes were demonstrating hyperplastic 
changes of lymphopoietic nature (or lymphoblastic 
reaction by some authors) (274). Various effects of 
stimulation of hematopoiesis by extracts or 
suspension of the whole thymus have been reported 
by Hammar (189). These stimulations of 
lymphopoiesis by thymic RE cells provides 
additional support to the concept of the lympho- 
epithelial synthesis. Attraction of donor lymphocytes 
into the epithelial remnant of the thymus after total 
body irradiation (TBI), subsequent stimulation of the 
proliferation of these lymphocytes within the RE 
meshwork, were also recorded as a continuation of 
the early histogenetical process, in the reconstitution 
of the thymus by immigrating lymphocytes (19, 272, 
273). These results suggest that an active interaction 
occurs in the thymic cortex between the RE cells and 
the immigrated lymphatic stem cells. 

A pure thymic cell line was produced, the so- 
called 1T-45R1 cell line, and was tested in vitro the 
effect of direct cell-cell contact with the rat bone 
marrow cells by Itoh, et at. (275-277). Among the 
five fractions isolated from the bone marrow by 
ovine serum albumin (BSA) density gradient, two 
types of T lymphocyte progenitors were separated, 
fraction 5 the so-called prethymic T lymphocyte 
progenitors and fraction 4, cells which are 
considered as postthymic. Stutman (2) pointed out 
the existence of two types of T cell progenitors, pre 
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and postthymic. Postthymic cells, the population that 
has once contacted with the thymic RE meshwork, 
are capable of differentiating into mature T cells 
under the humoral activity of the thymus, while the 
prethymic stem cells require contact with the thymic 
RE cells for their further maturation. Pahwa and co- 
workers (278) considered the precursor cells in 
MAB Thy 1.1 assay as prethymic and the ones in 
RFC assay as postthymic. The results of 
experimental observations by Itoh and co-authors 
(276, 277) determined that T lymphocyte precursor 
cells can be separated by BSA density gradient, and 
that the isolated fraction 5 is considered to be 
formed by prethymic stem cells and that these 
prethymic progenitor cells differentiate into 
postthymic T cells through direct cell-cell contact 
with the pure IT-45R1 cell line RE cells. These 
results suggested that Touraine et al. (279-281), who 
pointed out the sequence of human T cell 
maturation, was right. They were able to 
demonstrate that T cell progenitors first expressed 
the cell surface differentiation antigens and only 
then acquired the capacity to form rosettes. A 
number of laboratories have described production of 
partially or fully purified thymic factors which can 
replace in part the function of thymus in inducing T 
lymphocyte maturation (282). These factors are 
secreted by the thymic RE cells, and they could be 
produced in the first two weeks in vitro by culturing 
thymic RE cells. 

Kater and co-workers (283) examined the effects 
of human thymus epithelial conditioned medium 
(HTECM) on in vitro mitogen responses of human 
and mouse lymphocytes. The anti-thymosin fraction 
5 and 6 had a clear inhibitory effect on the HTECM 
and in the PHA and Con A responses of mouse 
lymphocytes. Surprisingly the MAB, antithymosin 
a-1 did not inhibit. 



5. IMMUNOMORPHOLOGICAL AND 

FUNCTIONAL MATURATION OF THE 
RE CELLULAR NETWORK OF THE 
THYMIC MICROENVIRONMENT 

The discovery of monoclonal antibody (MoAB) 
production technology and the employment of 
thousands of MoABs in immunomorphological 
studies of thymic ontogenesis also reopened the 
histogenetic and functional observations of the 
human thymic microenvironmental cellular 
networks (284-313). The immunocytochemistry of 
the RE cell histogenesis and functional 
differentiation has been observed in details (314- 



386). 

Eisenbarth and co-workers (298) developed and 
characterized the A 2 B 5 MoAB that reacts with a 
complex of neuronal ganglioside expressed on 
neural crest derived cells and on peptide secreting 
endocrine elements. Tetanus toxin (TT) also binds to 

GD and GT gangloisides present on thymic 

+ 

neuroendocrine cells. A2B5 1 and TT RE cells were 
detected in two thymic zones, in the subcapsular 
cortex and in the medulla. During an International 
Conference ("The Thymus Histophysiology and 
Dynamics in the Immune System", in Rolduc, April 
1989), a special workshop was held to characterize 
MoABs to thymic RE cells in the thymus of man, 
mouse, and rat. The staining patterns of twenty-five 
RE cell specific MoABs were evaluated 
immunohistologically on reference thymuses, 
thymuses during ontogeny, various other organs (all 
tissues obtained from the species against which the 
particular MoAB was raised), and thymuses of other 
species. In the reports of von Gaudecker (357), 
Kampinga (358) and Colic (359) and their co- 
investigators, only immunohistological results of 
reference thymuses and thymuses of other species 
were included. Based on the staining patterns on 
reference thymuses, the observed MoAB library was 
subdivided into five main groups. The use of these 
clusters of thymic RE cell staining patterns (CTES) 
was also recommended, to designate any further 
anti-RE MoAB, awaiting the possible incorporation 
in existing CD nomenclature for leukocyte 
differentiation antigens. The present 
immunohistological approach will be extended by 
additional analysis for which a protocol was 
designed. The ultimate goal of this important 
workshop on MoABs against thymic RE cells was to 
get well-characterized reagents in the analysis of RE 
cell associated molecules with putative function in 
intrathymic T lymphocyte processing and immuno- 
neuroendocrine regulation. 

The immunohistochemical characteristics of the 
human thymic cellular microenvironment have also 
been observed with extensive panels of poly- and 
monoclonal antibodies (314-385). Obviously, cell 
lineage specific immunoreactivity of various 
antibodies has served well in assessing cell 
differentiation (maturation) pathways and/or the 
origin of cell types in the thymic stromal 
microenvironment. The so-called endodennal region 
of the third pharyngeal pouch, the widely proposed 
and accepted by classical embryology as the 
"birthplace" of medullary RE cells, is frequently 
arranged in a duct-like manner and undergoes 
keratinization and transformation into squamous 
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epithelia (357-359, 368-371, 376, 377). Thymic RE 
cells, both cortical and medullary, are epithelial in 
origin and nature (e.g. they contain tonofilaments 
and desmosomes), and the reticular appearance of 
these cells have not been sufficient to confirm their 
mesenchymal derivation (320, 337, 338, 349, 376, 
377). 

In a number of immunocytochemical studies 
concerning prenatal human thymic histogenesis, 
Haynes and co-workers (133, 296, 297, 301, 309, 
325, 328, 329, 331, 332) repeated the widely 
accepted statement of classical thymic histogenetic 

descriptions: "Endodermal epithelial tissue from the 

+ 

third pharyngeal pouch gives rise to TE3 cortical 
thymic epithelium while ectodermal epithelial tissue 

from the third pharyngeal cleft invaginates and splits 

+ + 

during development to give rise to A 2 B 5 /TE4 
medullary and subcapsular cortical thymic 
epithelium". Earlier experiments defined that normal 
thymic RE cells express antigens of early epithelial 
cell maturation (A 2 B 5 , TE4) throughout prenatal 
thymic ontogeny and acquire antigens 12/1-2, TE8, 
and TE15 at the fetal age of 14 to 16 weeks. Haynes 

and co-workers (133, 329, 331, 332) also 

+ + 

demonstrated that the A 2 B 5 and TT subcapsullarly 
located "giant" or hypertrophied RE cells and 
medullary ones contained (secreted) the thymic 

hormones thymopoietin and a 1 -thymosin, while in 

+ 

the TE3 cortical RE cells these hormones were 
absent. In addition, it was detected that only the RE 
cells of the subcapsular cortex produced thymosin- 
133 and thymosin-(34 (325, 328). Employment of 

anti-keratin MoAB AE-1 revealed presence of 

+ 

keratin in all A 2 B 5 thymic endocrine RE cells (133). 
The use of the anti-TE4 MoAB developed by 
Haynes (133, 329, 331, 349) in an indirect 
fluorescent assay also defined the functionally 
specialized Thy-1 , A 2 B 5 , a 1 -thymosin containing 
subcapsular RE cell subpopulation. During 
immunocytochemical screening, the anti-TE4 
MoAB did not react with any other endocrine 
tissues, but did, however, give positive reaction with 
basal keratinocytes of squamous epithelium in skin, 
tonsil, upper esophagus and conjuctiva (similar 
reactivity pattern was also detected with MoAB anti- 
A 2 B 5 ) (298). The initial immunocytochemical 
characterization suggested that MoAB anti-TE4 does 

not bind to characterized keratin-like molecules. All 

+ 

TE4 RE cells contain keratin as defined by MoAB 

AE-1, but not all keratinized thymic cortical RE 

+ 

cells exhibited a TE4 IP. Moreover, thymic RE 
cells grown in culture always demonstrated presence 



of keratin intermediate filaments, and absence of 
TE4 antigen (AE-1 , TE4 IP). In later stages of 
prenatal thymic histogenesis, the medullary HBs 
always remained TE4 negative (337, 341). 

The great majority of cortical RE cells expressed 
the cytoplasmic TE3 antigen, detected by 
immunocytochemistry employing anti-TE3 MoAB, 
also developed in Dr. Haynes’ laboratory. This TE3 
antigen defines an intracellular regulatory molecule 
that reflects a specialized function of the RE cells 
located in the thymic inner cortex. Extrathymically, 
TE3 antigen expression was detected in a great 
variety of tissues: thyroid, pancreas, anterior 
pituitary cells, and brain neurons. This antigen was 
absent in epidermal keratinocytes and from the cells 
of the adrenal gland. In addition, macrophages and 
large dendritic cells located in the thymic medulla 
also showed TE3 positivity (349, 379). It is 
significant that RE cells close to the TNCs formed a 

specialized subset of cortical RE cells, which also 

+ + 

displayed a mixed, probably transitory TE3 , TE4 , 
A 2 B 5 + IP. They also demonstrated presence of 
keratin, as well as production of thymosin al. 

The Thy-1 antigen (expressed on approximately 
1% of pediatric human thymocytes) has a 
differential expression amongst thymic epithelial 
cells, being confined to those in the subcapsular 
cortex and to TNCs (320). The former represent the 
site to which thymocyte precursors first migrate 
upon entering the thymus (387-394, 308, 327). The 
latter are large, functionally specialized RE cells, 
located within the cortex, whose plasma membranes 
totally enclose a number of thymic lymphocytes; 
these cells are therefore good candidates for the 
mediators of direct contact (stromal) induced 
thymocyte maturation. 

Another MoAB, anti-pl9 (developed against a 
19 kD structural protein of anti-human T cell 
leukemia/lymphoma virus (HTLV)) reacted with the 
majority of human thymic RE cells (325, 328, 329, 
331, 332). Thus, the pl9 antigen is specific for the 
neuroendocrine thymic RE subpopulation. 

Drenckhahn and co-workers (395) employed 
anti-smooth-muscle myosin and anti-actin antibodies 
for immunofluorescent microscopic observation of 
the human thymus. The concentrically arranged cells 
comprising HBs demonstrated strong 
immunoreactivity with both antibodies, but the 
intense immunofluorescence also defined antigen 
expression in some RE cells. Epidermis specific 
antigens have also been identified in thymic RE cells 
and in the peripheral layers of HBs (323, 330, 337, 
341, 351). Laster and co-workers (345, 346) 
detected specific keratins involved in early and 
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advanced stages of epidermal keratinocyte 
maturation in thymic RE cells. 

In the human thymus, MoAB anti-TE7 reacted 
with mesodermal in origin stromal cells (133, 329, 
332). It is specific for fibroblasts, reacted with 
cartilage, vessel and fetal interstitial mesenchymal 
cells. Normal tissue screening showed that MoAB 
anti-TE7 reacts with fibrous connective tissue in 
practically all tissues investigated. In malignant 
tissues, the antibody only reacts with neoplasms of 
fibrous connective tissue (e.g. fibrosarcoma). All 
cells located within the thymic capsule, interlobular 
and intralobular septas, and some individual cells 
dispersed in the thymic microenvironment 
demonstrated presence of TE7 antigen. TE7 positive 
cells in the thymic cortex and medulla uniformly 
displayed a thymosin al , A 2 B 5 + , keratin , TE3 , and 
TE4 IP. 

Lobach and co-investigators (in the laboratory of 
Dr. Haynes) (337, 441, 349) developed four 
additional MoABs (TE8, TE15, TE16, and TE19). 
These MoABs selectively demonstrated 
immunoreactivity with human HBs. TE8 and TE16 
reacted with the hypertrophied cells of the outer cell 
layer of HBs. MoAB TE19 stained the entire cellular 
content of HBs, as well as the medullary RE cells 
adjacent to HBs. More than 90% of HBs displayed 
immunoreactivity with MoAB TE15 (345, 346, 351, 
354, 355). Three of these antibodies, TE8, TE16, 
and TE19 also reacted positively with the stratum 
granulosum while TE15 reacted with the stratum 
comeum of human skin. Employing these same 
antibodies, we also defined HBs as antigenically 
distinct parts of the thymic secretory cellular 
microenvironment (243, 375) 

It seems that immuno-electron microscopy on 
thymic thin sections may be the best method to 
identify stromal cell IPs (354). The use of MoABs 
against Mac-1 and Mac-2, which were developed 
against macrophage antigens, as well as a MoAB 
against MHC class II antigens determined the IP 
differences between macrophages and RE cells, as 

well as bone marrow derived thymic stromal cells 

+ + 

(354). The macrophages were Mac-1 , Mac-2 , and 
only 50% of them showed la positivity. The cortico- 

medullary interdigitating cells (IDC) were 

+ + + 

characterized by a la , Mac-1 and Mac-2 IP (354), 
while RE cells displayed cell surface 
immunoreactivity with la, but neither Mac-1 nor 
Mac-2. These results strongly suggest that 
macrophages and IDCs are derived from a common 
precursor stem cell (354, 379). A recent study has 
described the use of a novel panel of four MoABs to 



classify subsets of cells within the thymic 
microenvironment, two for medullary RE cells and 
HBs (His-39 and RMC-20) and two for cortical RE 
cells (His-37 and RMC-17). On the 15th day of 
gestation, MHC class I and class 11 molecules can 
also be identified on thymic RE cells, although they 
reach their highest density around birth (316, 319, 
336). 

The three well defined and biochemically 
characterized thymic hormones, Facteur Serique 
Thymique [FTS/thymulin (321, 322)], thymosin-a 
and thymopoietin (317, 318) have also been detected 
in the cells of the RE network and in HBs. These 
results allowed us to suggest that HBs possess an 
active secretory role and thereby may participate in 
intrathymic T lymphocyte differentiation (243). 
Furthermore, it is significant that immunocytological 
evidence for the simultaneous presence of all three 
thymic hormones in the same RE cells of the human 
thymic microenvironment has also been published 
(334). 

In a recent study, Gaudecker and co- 
investigators (377) used a library of MoABs together 
with gold-coupled reagents in immuno-electron 
microscopy to study the fine cellular distribution of 
the molecules to which the antibodies bind. Anti- 
cytokeratin antibodies were employed to identify the 
epithelial nature of all thymic RE cells, while the 
distribution of MHC class II molecules was revealed 
with MoABs to shared nonpolymorphic 
determinants. MoAB MR6 showed strong surface 
labeling of cortical RE cells and subcapsular TNCs 
and very weak surface staining of thymocytes, 
medullary macrophages, and interdigitating cells. 
MoAB 8.18 also labeled another cell surface 
molecule present on HBs and associated 
hypertrophied medullary RE cells. The two 
molecules detected by MoABs MR6 and 8.18 are 
therefore located in a position where they are 
available to interact with external cellular and 
soluble signals within the thymus. In contrast, 
MoABs MR10 and MR19 recognized intracellular 
molecules within subcapsular, perivascular, and 
medullary RE cells. A similar distribution pattern 
was seen with MoAB 4(3, developed against the 
thymic hormone thymulin, although, in addition to 
the expected intracellular RE cell staining, large 
lymphoblasts in the subcapsular zone showed 
surface positivity, indicating the presence of 
thymulin bound to surface receptors on these early 
thymoblasts. As expected, MHC class II molecules 
were expressed on some medullary and essentially 
cortical RE cells. However, although most 
subcapsular epithelium was MHC class II-negative, 
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some cells did express these MHC molecules on 
their apical surface and on the surface of their 
cytoplasmic extensions into the cortex. Interestingly, 
some cortical RE cells surrounding capillaries 
expressed MR6 and MR10, MR19 antigens, and 
presence of thymulin was revealed. Double-labeling 
experiments, using both MR6 and MR 19 MoABs 
simultaneously, revealed the existence of a double- 
positive perivascularly located RE cell 
subpopulation in the thymic cortex. It remains a 
possibility that these "double positive" RE cells 
represent a common thymic RE cell progenitor. 

Similar results were published after 
immunocytochemistry on RE cells derived from 
thymic tissue cultures (269). By the use of rapidly 
expanding cultures of thymic RE cells from 1 4 to 16 
day-old murine fetuses and by specific antibodies 
against cortical and medullary epithelium, 
respectively, the authors were able to demonstrate a 
small subpopulation of double-labeled RE cells in 
the cultures. These cells were not present in RE cell 
cultures initiated from thymuses of neonatal mice. 
Double-labeled RE cells were also detected in 
prenatal thymic tissue sections. These findings may 
indicate that the "double positive" RE cell 
subpopulation represents a common epithelial stem 
cell for the thymic RE networks in the cortex and the 
medulla. 

Amongst the most important signal transduction 
molecules involved in regulating growth and 
differentiation are the protein tyrosine kinases 
(PTK). Since intrathymic T lymphocyte maturation 
and differentiation is a consequence of cellular and 
humoral interactions between thymic stromal cells 
(TSC) and thymocytes, identification of the PTK in 
both compartments is required to dissect this 
process. PTK was observed in mouse TSC, using 
RT-PCR to survey the repertoire of PTK mRNAs 
expressed in a freshly isolated TSC preparation 
(375, 396). Ten different PTK cDNAs were 
identified among the 216 cDNAs sequenced. 
Transcripts of three of those ( ufo,fyn and fer ) were 
widely expressed among a large panel of 
immortalized thymic RE cell lines and in primary 
cultures of TSC. Of the other seven, none were 
expressed in established RE cell lines but, instead, 
displayed distinct expression patterns in cell types 
likely to have contaminated the fresh TSC 
preparation (i.e., macrophages, B cells, T cells and 
fibroblasts). Among the three PTK expressed in RE 
cell lines, only one, ufo, exhibited expression 
exclusively in cells of non-hemopoietic origin. 
Although expression of ufo (also named tyro 7, axl 
or ark) is not thymus specific, it is also expressed in 



cell types of mesodermal origin, placed in other 
tissues, its presence in thymic RE cells suggests a 
role for ufo in differentiation of the TSC 
microenvironment. Consistent with this notion, high- 
level expression of this receptor PTK at the protein 
level could be documented in every thymic RE cell 
line observed, as well as in fresh, frozen thymus 
tissue sections. These results provided the initial 
example of expression of a receptor PTK in TSC and 
opened a new direction in the study of the molecular 
regulation of thymic stromal microenvironment 
differentiation (375). 

Our immunomorphological studies revealed that 
the so-called giant, subcapsular RE cells are TNCs, 
and are MHC (HLA-A,B,C) class I molecule 
restricted and express a neuroendocrine cell specific 

IP: Thy- 1 , A 2 B 5 + , TT, TE4 , UJ13/A + , UJ127.11 + , 

+ + 

UJ167.il, UJ181.4 , and presence of common 

+ 

leukocyte antigen (CLA ). In contrast, medullar RE 

cells showed MHC (HLA-DP, HLA-DQ, HLA-DR) 

+ 

class II molecule restriction. Essentially every CD2 
thymocyte binds to RE cells using the CD2/CD58 
pathway, therefore RE cells express the CD54 
antigen. Activated thymocytes display the high 

affinity form of CD 11 a/CD 18 (LFA-1) and bind to 

+ 

CD54 RE cells. In tissue culture conditions, RE 
cells lose their MHC restriction and also become 
CD54- but both antigens can be re-induced by y- 
interferon (IFN-y) treatment. Glucocorticoid 
hormone, prolactin and thyroid hormone receptors 
were mostly detected on cortical RE cells (intensity 
of staining: A to C and number of stained cells: ++, 
between 10% and 50%). 

MoAB UJ 308 has been defined to react 
positively with cell surface receptors on immature 
myeloid cells and mature leukocytes. A strong 
immunoreactivity employing this MoAB was 
observed in the HBs in frozen tissue sections. 
Therefore, it is possible that certain leukocytes may 
contribute to the formation of HBs. The central core 
of the HBs also demonstrated strong expression of 
antigens detectable with MoABs UJ 308 and UJ 
223.8, and this reactivity was independent of the 
presence of necrotic cellular changes. The 

hypertrophied, physiologically active RE cells of the 
peripheral cell layer of the HBs reacted positively 
with medium to strong intensity when stained with 
MoABs UJ127.il, J 1 153, A 2 B 5 , 215.D11, and 
275. G7. These results further suggest that HBs are 
not exclusively degenerative structures (243). It is 
certain that the medullar RE cells stained by MoAB 
anti- A 2 B 5 represent an active endocrine, peptide 
secreting RE cell functional subpopulation, 
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associated with or already involved in the structure 
of HBs. 

In human fetal thymic tissue, over 90% of the 
hypertrophied RE cells that were located in the outer 
core of HBs expressed TGF-(3lIRs (372). A 
markedly decreased proportion of RE cells within 
the HBs of postnatal thymuses demonstrated 
presence of TGF-(3IIR: only 10 to 50% during the 
early postnatal period which decreased further to 
between 1 and 10% during the first year of age 
(372). High density of this important growth factor 
receptor was also established in medullar RE cells 
adjacent to HBs. 

Several groups of scientists isolated partially or 
fully purified thymic hormones, which can partially 
replace the function of the thymus in inducing T 
lymphocyte maturation (397-399). These hormones 
are secreted by thymic RE cells, and they could be 
produced during the first two weeks in vitro by 
culturing thymic RE cells. Two decades ago, Kater 
and co-workers (3, 283, 400) examined the effects of 
human thymus epithelial conditioned medium 
(HTECM) on in vitro mitogen responses of human 
and mouse lymphocytes. The anti-thymosin fraction 
5 and 6 had a clear inhibitory effect on the HTECM 
and in the PHA and Con A proliferation responses of 
mouse lymphocytes. Surprisingly, the treatment with 
anti-thymosin a-1 MoAB did not inhibit these 
responses. The presence of thymic hormones in RE 
cells was also detected in vivo in connection with 
intrathymic T lymphocyte differentiation. Thymosin 
a-1, thymosin (3-4, and thymopoietin (also its short 
form, called TP5), all biochemically well 
characterized thymic hormones, were detected 
immunocytochemically to be produced by the same 
RE cells (334). In the last four decades, 
experimental thymic research has increasingly 
focused on the identification of the potent 
immunomodulatory effects of these thymic 
hormones and neuropeptides. Consequently, the 



actions of steroid hormones have been observed by 
numerous research groups, and their effects on the 
thymus have been reviewed (401-408). It is amazing 
that the presence of intrathymic receptors for and 
actual production of the following collection of 
pituitary hormones and neuropeptides has been 
established: growth hormone, prolactin, 

adrenocorticotropic hormone, thyroid stimulating 
hormone, triiodothyronine, somatostatin, oxytocin, 
follicle stimulating hormone, luteinizing hormone, 
arginine vasopressin, growth hormone releasing 
hormone, corticotropin releasing hormone, nerve 
growth factor, vasoactive intestinal peptide, (pro) 
enkephalin, and (3-endorphin (409-449). All of the 
experimental data define a regulatory, immuno- 
neuroendocrine function of the thymic RE cellular 
network. 

It has long been known that malnutrition often 
results in zinc deficiency and that the biologically 
active form of FTS or thymulin requires presence of 
zinc (450). Zinc was identified in secretory granules 
associated with cytoplasmic vacuoles in thymic RE 
cells. Zinc is an essential component of over 200 
enzymes, it is required for all DNA- and RNA- 
polymerases and Zn-metalloenzymes, all being 
participants in replication or repair of DNA. Mitotic 
activity of thymocytes increases when either calcium 
or magnesium is elevated in the cellular 
microenvironment. Parathyroidectomy results in the 
abolition of fluctuations in plasma level of calcium 
and cell mitosis, causing severe thymic atrophy. 
Enhanced epithelial growth and an increase in the 
number of macrophages were detected in thymic 
cultures with the addition of glutarine (a parathyroid 
hormone) to the culture medium. Recently calcitrol 
(biologically the most active metabolite of vitamin 
D) has been shown to inhibit IL-1 and IL-2 
dependent thymocyte proliferation. 
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6. FIGURES 




Figure 1. Dog embryo (23 days of gestation). Pure 
epithelial thymic anlage. Methacrylate embedding; 3 pm 
thin section. Schaffer fixation. Giemsa staining. 
Magnification 64x. 




Figure 3. Dog fetal thymus (118 mm body length, 49 days 
of gestation). Thymic cortex under the light microscope. 
Methacrylate embedding; 3 pm thin section. Schaffer 
fixation. Hematoxylin-eosin staining. Magnification 500x. 




Figure 2. Dog fetus in 36th day of gestation. Thymic 
cortex. Early stage of lymphopoietic thymus, with 
numerous lymphatical and RE cell mitoses. Well 
developed RE cell processes. Methacrylate embedding; 3 
pm thin section. Schaffer fixation. Giemsa staining. 
Magnification 500x. 




Figure 4. Dog fetal thymus (91 mm body length, 46 days 
of gestation). Characteristic organization of thymic 
medullar stromal microenvironment. Methacrylate 
embedding; 3 pm thin section. Schaffer fixation. 
Hematoxylin-eosin staining. Magnification 630x. 
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Figure 5. Dog fetus (91mm body length, 46 th day of 
gestation). Thymic cortex. RE cell and differentiating 
thymocytes Characteristic for the thymus lympho- 
epithelial intercellular cooperation via cell surface 
molecules and humoral. Epon embedding. TEM picture. 
Magnification 18500x. 




Figure 7. Thymic cortex. Dog fetus of 67 mm body length 
(early 5th lunar month). RE cell surrounded with 
thymocytes in maturation, and showing several nuclear 
envelope related cell to cell contacts. The type of cellular 
contact is not desmosomal. Epon embedding. TEM 
picture. Magnification 17500x. 




Figure 6. Thymic cortex. Dog fetus (43 days of Figure 8.. Thymic cortex. Three months old mouse, 

intrauterine gestation). Several developing cortical Cytoplasmic process of a RE cell in intimate contact with 

thymocytes around a typical RE cell. The main function of a number of cortical immature thymocytes. SEM picture, 

the thymic RE network is to educate the Magnification 34000x. 

immunocompetent T lymphocytes. Epon embedding. 

TEM picture. Magnification 18.500x. 
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Chapter 3 

Neuroendocrine Influence on Thymic Hematopoiesis Via the 
Retie ulo-Epithelial (Re) Cellular Network. 



Abstract: The thymus provides an optimal cellular and humoral microenvironment for a cell line committed differentiatiation of 

pluripotent hematopoietic stem cells. The thymic RE cells are functionally specialized based on their intrathymic location 
and this differentiation is modulated by various interaction signals of differentiating thymocytes and other nonlymphatic, 
hematopoietic stem cells. Thus, although subcapsular, cortical, and medullary RE cells are derived from a common, 
endodermal in origin epithelial precursor cell, their location within the gland determines their specialization in terms of 
their IP and in situ physiological properties. The subcapsular, endocrine, RE cell layer (also named, giant or nurse cells- 
TNCs) is comprised of cells filled with PAS positive granules, which also express A 2 B 5 /TE4 cell surface antigens and 
MHC Class I (HLA A, B, C) molecules. In contrast to the medullary RE cells, these subcapsular TNCs also produce 
thymosins (33 and (34. The TNCs display a neuroendocrine cell specific IP: Thy-1 , A 2 B 5 , TT , TE4 , UJ13/A , 

+ + + . + . 

UJ 127.1 1 , UJ 167.1 1 , UJ181.4 , and presence of common leukocyte antigen (CLA ). Cortical RE cells express a surface 

antigen, gp200-MR6 that plays a significant role of thymocyte differentiation. Medullar RE cells display MHC Class II 
(HLA-DP, HLA-DQ, HLA- DR) molecule restriction. These cells also contain transforming growth factor (TGF)-(3 type II 
receptors and are involved in the positive selection of T cells. Transmission electron microscopic (TEM) observations 
have defined four, functional subtypes of medullary RE cells: undifferentiated, squamous, villous, and cystic. All subtypes 
were connected with desmosomes. The secreted thymic hormones, thymulin, thymosin-a 1 and thymopoietin (its short 
form, thymopentin or TP5) were detected IC to be produced by RE cells. Thymic RE cells also produce numerous 
cytokines including IL-1, IL-6, G-CSF, M-CSF, and GM-CSF molecules that likely are important in various stages of 
hematopoietic cell activation and differentiation. The co-existence of pituitary hormone and neuropeptide secretion 
[oxytocin (OT), growth hormone (GH), growth hormone secretagogue (GHS), prolactin (PRL), adrenocorticotropic 
hormone (ACTH), thyroid stimulating hormone (TSH), triiodothyronine (T3), somatostatin, follicle stimulating hormone 
(FSH), luteinizing hormone (LH), arginine vasopressin (A VP), growth hormone releasing hormone (GHRH), 
corticotropin releasing hormone (CRH), nerve growth factor (NGF), vasoactive intestinal peptide (VIP), pro-enkephalin 
(pro-enk), and p-endorphin (p-end)], as well as the production of a number of interleukins and growth factors and 
expression of receptors for all, by RE cells is an unique molecular biological phenomenon. This repertoire of polypeptides 
belongs to a number of neuroendocrine protein families (such as the neurohypophysial, tachykinin, neurotensin and 
insulin families). Thymic neuroendocrine polypeptides are also the source of self-antigens presented by the MHC 
molecules to differentiating hematopoietic stem cells. Furthermore, it is quite possible that even on the level of individual 
RE cells, the numerous projections associated with a single cell, which engulf developing lymphocytes, nurturing and 
guiding them in their maturation, may differ in their hormone production and/or hormone receptor expression profile, thus 
allowing a single cell to be involved in distinct, separate steps of the T cell and other hematopoietic cell maturation 
process. I suggest that the thymic RE cells represent an important cellular and humoral network within the thymic 
microenvironment and are involved in the homeopathic regulation mechanisms of the multicellular organism, in addition 
to the presentation of various antigens to developing hematopoietic cell lines, and providing growth regulatory signals 
which may range from stimulatory to apoptotic signaling within the thymus. In my understanding, the intrathymic T 
lymphocyte selection is also a complex, multi-step process, influenced by several functionally specialized RE cells and 
under immuno-neuroendocrine regulation control reflecting the dynamic changes of the mammalian organism. 



Key words: Stem cell factor (SCF); Thymic hormones; Pluripotent Hematopoietic Stem Cells (PHSCs); Surface antigenic markers; 
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tachykinin, neurotensin and insulin families); Hypothalamo-hypophyseal-thymic axis; Immunocytochemistry (IC); 
Immunophenotype (IP): Monoclonal antibody (MoAB). 



1. INTRODUCTION 

"The presence in the thymus of 
hemopoietic cells other than thymocytes 
has been known for many years, but the 
extent of the hemopoietic activity of the 
thymus and the possible functional 
implications have only recently begun to 
receive much attention." 

Marion D. Kendall (1) 

It has become clear that thymus is the primary 
and major site of T lymphocyte development and 
functional maturation, as well as of positive and 
negative selection of immunocompetent T 
lymphocytes. According to Manley (2), in the 
complex process of thymic organogenesis, the 
progenitor, endodermal epithelial cells proliferate 
into a three-dimensional thymic stromal 
environment under the continuous adhesion signals 
of differentiating, already committed T lymphocyte 
progenitors. The functionally developed thymus 
provides an optimal cellular-humoral 
microenvironment for the development of 
immunocompetent T cells and other cell lines of 
non-lymphatic hematopoiesis (3, 4, 5). An antigen 
ChTl, a member of the Ig superfamily with one V- 
like and one C2-like domain, was identified on avian 
early T cell progenitors to play a significant role in 
the early differentiation of cortical thymocytes (6). 
Anti-ChTl MoAB inhibits T cell development in 
embryonic thymic organ cultures and in lymphatic 
progenitors cocultures on thymic RE cells. 

During the last twenty years, advances in the 
fields of biochemistry and molecular biology have 
led to the scientific concept of early endocrinization 
of the embryo (7-11). During the course of 
embryogenesis, the honnonal microenvironment and 
the development and differentiation of cell 
membrane receptors mediate the various functional 
expressions of different tissues. An increasing 
number of growth factors have been shown to be 
responsible for the proliferation, survival, and 
enhanced function of many cell types within the 
hematopoietic system. The action of these 
hematopoietic growth factors in stimulating cell 
growth and survival applies both to cells within the 
progenitor (PHSC) compartment, as well as mature 
cells. The process of mature blood cell formation, by 
which a small number of self-renewing PHSCs give 
rise to lineage committed hematopoietic progenitor 
cells that subsequently proliferate and differentiate is 
regulated by a group of glycoprotein hormone 



growth factors, such as HGF-KL, encoded by the SI 
locus and a ligand to the c-kit receptor (12-14). 
These hormones have been termed colony- 
stimulating factors (CSFs) (15), a designation 
derived from the in vitro observation that CSFs 
stimulate hemopoietic progenitor cells of different 
cell lineages to produce colonies of recognizable 
maturing cells (16). The different factors have been 
operationally characterized by defining the major 
cell type produced in the colony (e.g. Multi-CSF; G- 
CSF; GM-CSF; M-CSF and erythropoietin, as well 
as commitment factor activin A) (17, 18). 

It is well known that exposure of the mammalian 
organism to ionizing radiation causes a drastic 
decrease in immunity and nonspecific resistance, as 
well as an impairment in hematopoiesis (19, 20). In 
animal experiments, peptide preparations from 
thymic (thymalin) and bone marrow (haemalin) cells 
were capable of normalizing the immunological 
reactivity and hematopoiesis of irradiated animals. 
Moreover, their mixture compound (thymohaemin) 
favored the post-irradiation recovery of 
hematopoiesis and immunogenesis. Lymphopoiesis 
stimulation in the bone marrow was provoked by 
thymalin and granulopoiesis stimulation by 
haemalin. These results strongly suggest an 
important regulatory role of the thymic cellular 
microenvironment on mammalian hematopoiesis. 



2. HEMATOPOIESIS DURING 

MAMMALIAN ONTOGENESIS 

Hematopoiesis in invertebrates does not include 
the development of lymphocytes, nor of other cell 
lineages of blood cells. Primitive blood cells 
(hemocytes), produced in the embryonal coelomic 
cavity retain their generalized functional capabilities 
during the entire life span of the organism (21). 

The thymocytes in the early larvae of Xenopus 
laevis have been shown to be derived from precursor 
cells immigrating interstitially through the 
mesenchyme into the organ rudiments at 3-4 days of 
age (Nieuwkoop and Faber stages 42-45) (22). 
Orthotopic grafting of diploid tissues onto triploid 
stage 22 embryos followed by ploidy analyses of 
their hematopoietic cells revealed that both 
thymocytes and erythrocytes in early larvae are 
derived from the ventral blood islands (VBI), 
whereas those in late larvae and adults come mainly 
from the dorsolateral plate (DLP). The authors 
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produced a number of interspecific chimeras in X. 
laevis and X. borealis embryos in order to study how 
the VBI cells of embryos at stage 22 participate in 
hemopoiesis. Sections of the chimeras at various 
developmental stages were examined by employing 
the unique stainability of X. borealis nuclei to 
quinacrine as a marker and the results showed that 
the VBI-derived cells enter into the circulation 
around stage 35/36, and that some of them leave the 
blood vessels to migrate interstitially through the 
mesenchyme toward the thymic rudiment during 
stages 43-45. A minor population of the VBI- 
derived cells was also found extravascularly in the 
mesonephric primordia. In contrast to the VBI, the 
DLP-derived cells contributed to the hematopoietic 
cell population not in early larvae, but in late ones as 
a major constituent in the mesonephros, thymus, 
liver, and peripheral blood. There is no need for de 
novo formation of blood cells during their postnatal 
histogenesis (23, 24). Again, postnatal 

hematopoiesis, as a continuous production of 
erythrocytes and leukocytes, does not exist in the 
least developed invertebrates. 

It is generally accepted that modern birds 
evolved from reptiles and that their histogenetical 
evolutionary line, as the second class of warm- 
blooded vertebrates, is far from the mammalian line 
(25-30). The emergence of the bursa of Fabricius in 
birds and the development of lymph nodes first in 
crocodiles, a few birds (e.g. the ostrich and the 
duck), and most abundantly in mammals, as 
specialized lymphocytopoietic tissue organizations, 
predicted the future dichotomy of lymphopoiesis and 
hematopoiesis in mammals (30). The sites of 
formation of erythrocytes, granulocytes, 
lymphocytes, and thrombocytes have been described 
by Machotka (31). The microenvironment of the 
yolk sac is permissive only for erythropoiesis, which 
proceeds synchronously and may be not under the 
regulation of the erythropoietin (32-34). The 
differentiated, mature cells are nucleated red cells. 
This phenomenon is characteristic of primitive 
erythropoiesis. Intravascular erythropoiesis is 
present in birds where mature cells need not travel 
through the vascular wall to become enucleated. 
This early hematopoiesis is no longer detectable by 
the 10th fetal week of intrauterine life. 

During phylogenetical development, it is only in 
mammals that all hematopoietic and mature blood 
cells are formed extravascularly (35, 36). The 
migratory nature of mammalian hematopoiesis 
during prenatal ontogenesis has been well 
established (14, 21). The phenomenon is first extra- 
embryonic, developing in blood islands of the yolk 



sac. The precursors of these islands migrate from the 
primitive streak region of blastoderm into the 
developing area opaca vasculosa (37). Cell 
proliferation observations indicate that the blood 
island forming cells, known as hemangioblasts, 
invaginate through the primitive streak and migrate 
laterally to produce the mesodermal layer (38, 39). 
Pluripotent hematopoietic stem cells (PHSCs) are 
also derived from these hemangioblasts, and thus the 
entire stem cell pool is composed of cells of 
mesodermal origin. PHSCs not only have the 
capacity to generate all of the hematopoietic cell 
types, but also have extensive self-renewal abilities 
(40,41). 

The development of hematopoiesis in rodents, 
particularly in the Mongolian gerbil (Meriones 
unguiculatus), was conducted by Smith and Glomski 
in order to determine the temporal sequence, the 
organs involved, and the cytology of blood cell 
formation in this species (42). Hematopoiesis in the 
intrauterine life of the gerbil was divided into four 
consecutive stages based on the site of blood cell 
formation: 

1 . vitelline stage; 

2. hepatic stage, including thymic histogenesis; 

3. splenic stage; and 

4. the medullary stage, with the development of 
secondary lymphoid tissues. 

At the onset of each of these phases, a blast-like 
cell was identifiable in each hematopoietic organ 
which, because of its morphology and its presumed 
multipotentiality was classified as a "lymphoid cell". 
During the yolk sac stage (gestational day 12), two 
generations of erythrocytes, a primitive and a 
definitive, are formed. The liver is by day 15 
erythropoietic and megakaryopoietic, but later, a few 
granulocytes are also found in its extravascular 
compartment. The thymus is exclusively 
lymphopoietic from the appearance of its earliest 
cells on day 15. Splenic hematopoiesis is initiated by 
the presence of lymphoid cells (day 20 of gestation), 
followed later by the appearance of morphologically 
identifiable blood cell lines. Early normoblastic and 
granulocytic activity begins in the marrow cavities 
on day 23, though the marrow is not considered to 
be a source of circulating blood cells during fetal 
life. Lymph node histogenesis occurs during the last 
four days of gestation, first in the cervical region and 
then in other parts of the body. The finding of 
undifferentiated lymphoid cells in all organs at the 
initiation of hematopoiesis and in the peripheral 
blood throughout gestation was discussed in light of 
the migratory nature of hematopoiesis. This 
migratory pattern is basically similar in all 
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mammals. Unfortunately, it still remains unclear 
how one hematopoietic cellular microenvironment 
within the embryo (fetus) loses its hematopoietic 
potential, while this potential is gained by a tissue 
very different in structure. 

It is well known that the shift in the site of 
erythropoiesis (from intravascular to extravascular) 
is coincident with the development of non-nucleated 
red cells (43). The loss of the nucleus results from 
cell migration across the vascular endothelium. 
Hematopoiesis during prenatal development moves 
to intraembryonic sites, first to the liver and spleen, 
and finally to the bone marrow. Recent 
morphological observations have also defined well- 
developed island-like hematopoiesis in other 
developing human organs (lung, thymus, etc.). In 
our earlier works, we have also described pulmonal 
and intrathymic stages of prenatal hematopoiesis 
(44). 

Hematopoiesis in the liver is detectable in 
humans by the 6th week of the pregnancy (45). 
Doubling time at first is just 8 hours, ensuring that 
the hematopoietic tissue expands exponentially. 
After a few days, however, the doubling time 
stabilizes at two days (46). The liver remains the 
major hematopoietic organ during fetal life until the 
first postnatal week. Thus, the cellular 
microenvironment in the liver is primarily inductive 
for erythroid differentiation, although it is not 
unpermissive for other cell lineages. Erytropoiesis 
here is extravascular. 

Splenic hematopoiesis in humans is absent at 
birth, but the spleen can easily regain its 
hematopoietic function under abnormal situations. 

The final hematopoietic organ during fetal 
development is the bone marrow. The development 
of bone marrow requires the penetration of avascular 
cartilage by perichondrial mesenchymal cells and 
their associated blood vessels. This leads to 
calcification of cartilage. The vascular mesenchyme 
by week 20 of intrauterine life forms the reticular 
cell network upon which PHSCs can seed and 
proliferate. Hematopoiesis is heralded by the 
appearance of undifferentiated basophilic cells in 
dilated sinuses of the bone marrow. The seeding of 
the PHSCs occurs by immigration from the liver via 
the bloodstream. In humans, prenatal bone marrow 
is mainly erythropoietic from the very beginning of 
life. 

To establish a hypothesis of molecular events of 
hematopoiesis regulation, it would be helpful to 
identify physiologically relevant function-associated 
molecules on human PHSCs. Therefore, a library of 
MoABs was utilized, with immunoreactivities 



against CD2, CD3, CD7, CD11, CD15, CD16, 
CD 19, CD33, CD34, CD38, CD56, CD69, CD71 
etc., to study the IP characteristics of PHSCs (47- 
51). The most often detected cell membrane 
antigens, representing the IP of human PHSCs, were 
CD34 + , CD43 + , HLA-DR f (CD7, CD19, CD43, and 
CD69 antigens were also detected). Moore and co- 
workers (41) reported their detailed examination of 

CD43 expression on murine and human PHSCs. 

+ 

Mouse stem cells were found within the Ly6 Lin 
CD43 g subpopulation of bone marrow. These 
cells, upon transfer into SCID mice, caused rapid 
repopulating of the thymus, spleen, and bone 
marrow. Retransfer of bone marrow cells from 
primary SCID recipients of Ly6 Lin CD43 cells 

into secondary recipients resulted in repopulation of 

+ 

the lymphohematopoietic cells. All Ly6 Lin 
CD43 g cells were found to express high levels of 

+ . - high 

c-kit. In contrast, Ly6 LmCD43 cells caused 
limited and variable thymic and splenic 
repopulation. These cells failed to repopulate the 
marrow cavity and did not contain re-transplantable 
stem cells. These data indicate that murine PHSCs 
express high levels of CD43. Although the exact 
function of CD43 is still not clear, it may play a 
crucial role in the regulation of hematopoiesis, 
because it appears that intercellular adhesion 
molecule- 1 (ICAM-1), an important cell adhesion 
molecule expressed on stromal cells, is a ligand to 
CD43 (52-54). It appears that ICAM-1 binds to 
LFA-1 and CD43, both present on PHSCs. Adhesion 
molecules expressed on stromal cells probably 
regulate the cell to cell interaction between stromal 
elements and PHSCs. CD43 may act as a signal 
transduction molecule. 

Observations of human fetal bone marrow cells 
revealed a subpopulation of CD34 CD38 CD43 
cells. This IP represents the morphologically 
described large basophilic cells, regularly detected in 
the epithelial thymic rudiment during the first inflow 
of PHSCs (55-58). When single sorted cells with this 
IP were cultured in vitro, they were able to produce 
colonies with a dispersed growth pattern. Cells with 
this growth pattern have previously been shown to 
have myeloid and lymphoid growth potentials and 
extensive self-renewal capacity. Furthermore, 
CD34 CD38 HLA-DR cells have recently been 
shown to be highly enriched in stem cell activity, 
expressing relatively high levels of CD43. Testi and 
co-workers (59) recently submitted that CD69, 
which is transiently present during lymphocyte 
activation, is expressed on a variety of 
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hematopoietic stem cells at various stages during 
their maturation. 

2.1 Molecular basis of cell lineage formation 
and cell homing in hematopoiesis 

Recent advances in our knowledge about the 
molecular biological level of cell homing and 
growth factor regulation have provided new 
directions. The most noteworthy is the identification 
of the Steel gene product (60). This hematopoietic 
factor is produced by stromal cells, defines a 
multipotent growth factor, well known as stem cell 
factor (SCF) or HGF-KL, encoded by the SI locus 
and serves as the ligand for the c-kit receptor, which 
is a tyrosine kinase and is the gene product of the W 
locus expressed in stem cells (13, 61, 62). The 
highly glycosylated molecule of SCF is present in 
both a soluble, as well as a cell membrane-bound 
form, and during the embryogenesis it is associated 
with both the migratory pathway and the homing of 
PFISCs (63). Another receptor, a membrane located 
lectin heterodimer with a molecular weight of 
llOkD is involved in the homing of PFISCs to bone 
marrow (64). The recognition is keyed in two 
carbohydrate residues (galactosyl and mannosyl) of 
a yet undetermined membrane glycoconjugate (65- 
67). 

In addition, characteristic molecules of the 
extracellular matrix, particularly fibronectin, are 
known to be involved in surrounding tissue 
recognition (68, 69). Most of these molecular 
mechanisms are regulated genetically during the 
advancement of histogenesis and are likely to be 
involved in the receptiveness of one or the other 
organ/tissue microenvironment for the task of 
hematopoiesis during ontogenesis (21, 70). 



3. THYMIC RE CELL MESHWORK AND 
ITS ROLE IN THYMIC 
HEMATOPOIESIS 

After the classical embryological, and 
morphological descriptions of histogenesis, thymic 
research, has increasingly moved towards a better 
understanding of intrathymic hematopoietic stem 
cell maturation and differentiation, one of the main 
functions of the thymic stromal microenvironment 
(71-78). Our literature searches concur with Trainin 
(79), Maximov (57, 80, 81) was the first 
morphologist to mention a close cellular interaction 
between thymic RE cells and maturating 
thymocytes. Cortical RE cells express a 200000 mol. 



weight protein called gp200-MR6 (82). This antigen 
is also present on some epithelial neoplasms and is 
the same protein that inhibits the proliferation of an 
established colon carcinoma cell line, HT29. This 
antigen plays a significant role in the differentiation 
pathway of undifferentiated cortical thymocytes. 

For a further discussion on thymic RE cells, 
please refer to Chapter 2. In general, thymic RE cells 
provide the main cellular and humoral 
microenvironment for intrathymic T lymphocyte 
differentiation, which manifests itself into a number 
of regulatory pathways: 

1. secretion of a great number of polypeptides, 
including thymic hormones and cytokines; 

2. cell-cell interactions through adhesion 
molecules and those between major 
histocompatibility complex (MHC) class I and 
class II proteins and the TRC within the context 
of CD4 and CD8 molecules, respectively (83, 
84); and 

3. RE cells can bind and interact with 
differentiating T lymphocytes using 
extracellular matrix (ECM) ligands and their 
respective receptors. Cytokine activities has 
been analyzed in the supernatant of human 
thymic RE cell cultures by employing the 
respective cytokine-dependent cell lines and by 
neutralization with specific MoABs (85). Three 
cytokine activities were identified: IL-6, G- 
CSF, and M-CSF, a thymocyte related one and 
two acting on myeloid/monocyte cell lines. The 
supporting effect on Concavalin-A induced 
proliferation of murine thymocytes has been 
completely eliminated employing anti-IL-6 
MoABs. 

In the last two decades, the potent 
immunomodulatory effects of extrinsic factors, such 
as hormones, neuropeptides, cytokines and growth 
factors have been investigated thoroughly. 
Consequently, numerous research groups have 
observed the actions of steroid hormones and their 
effects on the thymus have been reviewed (86-90). 
The cells of the RE network have been shown to 
express receptors for and produce a wide array of 
pituitary hormones and neuropeptides in vivo and in 
vitro including, OT, GH, GHS, PRL, ACTH, TSH, 
T 3 , somatostatin, FSH, LH, AVP, GHRH, CRH, 

NGF, VIP, pro-enk, and (3-end (91-104). This 
repertoire of polypeptides belongs to a number of 
neuroendocrine protein families, including the 
neurohypophysial, tachykinin, neurotensin and 
insulin families (105). These self-antigen molecules 
modulate the expression of major histocompatibility 
complex (MHC) gene products through the use of 
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RE cells and the extracellular matrix (ECM) 
mediated cell interactions, producing an enhanced 
thymocyte adhesion to the RE cells (105,106). 

The regulation of cytokine production by RE 
cells in the thymus is under coordinated and 
temporal control and is important for the 
development of T lymphocytes and non-lymphatic 
hematopoietic cells. Cells of the RE network in the 
thymus express TGF-pR (107) and epidermal 
growth factor (EOF) receptor, and produce TGF-()3 
in vitro and in vivo. Furthermore, EGF has been 
shown to increase IL-la, IL- 1 (3. IL-6 mRNA and 
protein levels in human RE cells. It has been shown 
that individual RE cells may concomitantly express 
both EGF receptor and TGF-pR. TGF-p plus EGF 
synergistically increase leukemia-inhibitory factor 
(LIF), additively increase IL-6, but have little effect 
on IL-la and IL- 1 P mRNA levels. In contrast, TGF- 
P alone has been shown to increase LIF and IL-6, 
exert little effect on IL-la, and cause a slight 
decrease of IL- 1 p mRNA levels. The increases in 
LIF and IL-6 mRNA levels by TGF-p plus EGF 
correlate with the increases in LIF and IL-6 
concentrations in RE cell culture supernatants as 
detected by ELISA. TGF-p plus EGF does not affect 
transcription of the LIF and IL-6 genes, suggesting 
that the increases in the steady state levels of 
cytokine mRNA were mediated post- 
transcriptionally, most likely at the level of mRNA 
stability. TGF-p produced in situ possibly plays a 
role in thymocyte development by directly affecting 
thymocyte differentiation and by indirectly 
modulating cytokine production by the cells of the 
RE network (108). 

In serum-free human fetal thymic RE cell 
cultures, IL-3 and IL-7 production has not been 
detected. Lack of IL-7 and presence of thymosin-al 
and of the surface molecule TE-4 identifies these 
cells as subcapsular/medullary RE cells. RE cells 
constitutively secrete IL-6, IL-8, fibronectin and 
thymosin-al, but not GM-CSF of LIF. Recombinant 
IL-1, anti-ICAM-1, and anti LFA-3 alone and 
collectively induce modest, but significant increases 
in the secretions of thymic peptides, as well as IL-6 
and IL-8, and this increase in secretion is not 
inhibited by hydrocortisone (HC) treatment. 
Recombinant IL-1, but neither anti-ICAM-1 nor 
anti-LFA-3 induces GM-CSF and LIF. HC has been 
shown to inhibit the secretion of GM-CSF and LIF 
induced by IL-1. None of the above stimulants 
augment the constitutive secretion of fibronectin or 
thymosin-al, while HC inhibits thymosin-al 
secretion (109). Thus, it is quite clear that the 



secretion of cytokines by the cells of the thymic RE 
network is under very complex regulation, and is 
modulated by hormones (derived from neighboring 
cells of the RE network, other stromal cells, and/or 
endocrine glands of the nervous system), growth 
factors, and other possible mediators (neuropeptides, 
thymic peptides, etc.). 

It appears that both the other stromal elements of 
the thymic microenvironment and the differentiating 
hematopoietic cells significantly influence the 
functional state of thymic RE cells, thus establishing 
the bi-directional intrinsic regulatory circuit. The 
expression of a panel of cytokines in thymic RE 

cells and CD4 8 double negative thymocytes has 
been explored following cell to cell lymphostromal 
interaction, in an experimental model which 
enhances in vitro thymocyte maturation. Since 
retinoic acid (RA) has been previously shown to be 
an inhibitor of thymocyte maturation process in this 
model, cytokine expression in double negative 
thymocytes and thymic RE cells was assessed 
following the RA-induced impairment of in vitro 
thymocyte maturation. Cell to cell lymphostromal 
interaction results in increased IL-2 and decreased 
IL-7 expression in thymocytes while the expression 
of IL-1 (3 and IL-7 increased and decreased, 
respectively, in RE cells. Addition of RA to lympho- 
stromal cell co-culture results in the enhancement of 
IL-4 and IL-7 expression in thymocytes while in 
thymic RE cells IL-la decreased and IL-6 and IL-7 
increased. These data indicate that discrete patterns 
of cytokine expression are present in thymocyte 
precursors and in the cells of the thymic RE network 
during in vitro T-cell development. Furthermore, 
specific cytokine modulation might contribute to the 
RA-induced impairment of thymocyte 
differentiation (110). A ganglioside of the neural 
crest and neuroendocrine cells (A.,B ) was identified 
in vivo on TNC in the human thymus and recently, 
also in vitro throughout the adult rat thymus (111). 
The described diversity of cellular immunoreactivity 
in cultures of rat thymuses suggests that a variety of 
neural and endocrine factors may influence thymic 
development and function. 



4. INTRATHYMIC THYMOCYTE-RE 
CELL TO CELL INTERACTIONS 

Significant cell to cell contacts between T 
lymphocytes and RE cells are essential for normal T 
cell development, and interactions between T cells 
and skin epidermal keratinocytes occur in the 
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context of inflammatory skin diseases and cutaneous 
T cell malignancies (112). On the basis of 
observations that the T cell ALL cell line, HSB, 
bound to IFN-y activated epidermal keratinocytes, 
whereas the CTCL cell line H9 bound poorly. 
MoAB 13H12 could identify a 36 kDa molecule, 
termed AD2, that was highly expressed on HSB but 
not on H9 T cells. MoAB 13H12 inhibited the 
binding of HSB T cells to IFN-y-treated epidermal 
keratinocytes, inhibited the binding of peripheral 
blood T cells to IFN-y-treated EK, and inhibited the 
binding of IFN-y-treated human thymic RE cells to 
thymocytes. Although AD2 was expressed at a low 
level on all T cells, AD2 was highly expressed on 

- - - - low+ - „ - + + 

the CD3 4 8 , CD3 4 8 , and CD3 4 8 subsets of 

immature thymocytes in the thymic subcapsular and 
inner cortex. These data suggest a role for the AD2 
molecule in interactions of T cells with ecto- and 
endodermal epithelial cells of skin and thymus 
( 112 ). 

A novel thymic stromal cell antigen, named 
HS9, is a potent immunoregulatory molecule that 
participates in intrathymic T cell development. HS9 
antigen is expressed on cortical thymic stromal cells 
but not on thymocytes. The cDNA (N14) encoding 
the HS9 Ag has been identified and characterized. 
Sequencing analysis of N14 cDNA revealed it to be 
a novel one without any significant homology to 
previously reported functional molecules. COS7 
cells transfected with expression vectors harboring 
N14 cDNA became reactive with HS9-specific 
MoAB. Tissues that are positive for HS9 MoAB 
expressed N14 mRNA. To examine the role of this 
molecule in T cell development, the authors 
generated transgenic mice. The transgene was 
significantly overexpressed on both cortical and 
medullar thymic stromal cells but not on 

thymocytes. Flow cytometric analyses showed that 

+ + 

the percentages of mature CD4 8 or CD4 8 
thymocytes in transgenic mice were approximately 

twice and triple, respectively, those in the control 

+ + 

littermates. Moreover, substantial CD4 8 
thymocytes appeared to have high levels of TCR 
compared with peripheral T cells. Histologic 
examination revealed that transgenic mice had thin 
cortex and relatively developed medulla. These data 
indicate the critical role of the N14 gene in T 
lymphocytes development (113). 

Intrathymic development of T lymphocytes 
progresses as a consequence of both TCR-mediated 
and non-TCR-mediated interactions between 
thymocytes and stromal cells. As rel(3 -deficient 
mice appear to lack thymic medullary RE cells and 



mature dendritic cells, the effect of such a "cortex- 
only" thymus on T cell development was observed 
by DeKoning and co-workers (114). Two major 
consequences were detected. First, in both rel(3 
mutant and TCR transgenic/reip mutant mice, 
positive selection of both TCR a(3 and 8y T cells 
appeared to proceed normally, with export of fully 
functional T cells to the periphery, suggesting that 
the thymic medullary stromal cells are not required 
for full maturation of T cells nor is an organized 
medullary compartment required for accumulation 
of mature single positive CD4 and CD8 T cells. 
Second, thymic negative selection was impaired, as 
evidenced by significant autoreactive proliferative 
responses to normal spleen stimulators. Peripheral T 
cells in rel(3 mutant mice showed an unusually high 

+ high 

proportion of CD69 and CD44 “ cells. While some 
of these cells may be autoreactive T cells, most of 
the cells appeared to be activated by cytokines 
produced by rel(3 mutant non-lymphoid cells, as the 
effect is minimized in rel(3 mutant bone marrow 
chimeras. In conclusion, while the TCR-mediated 
steps in T lymphocyte maturation require both 
thymic cortex and medulla (RE and dendritic cells) 
for normal positive and negative selection of the 
repertoire, non-TCR-mediated interactions in the 
thymic cortex alone are sufficient to generate 
mature, immunocompetent T cells. Events following 
the initiation of positive selection were investigated 
by Hare and co-authors (115) using re-aggregate 

organ cultures to follow the maturation of purified 

+ + + 

CD4 8 69 thymocytes. These thymocytes represent 
a subpopulation that has already received positive 
selection signals. Using a dilution analysis of an 
FITC-based membrane-binding dye, 5-(and -6)- 
carboxyfluorescein diacetate succinimidyl ester, to 

allow a quantitative measure of proliferation, the 

+ 

authors show that while newly selected CD4 and 

4 - 

CD 8 cells are nondividing, both subsets 
subsequently undergo a wave of postpositive 
selection proliferation involving multiple cell 
divisions. Moreover, in the presence of fetal stromal 
cells, postselection expansion is more extensive in 
newborn thymocytes compared with adult 

thymocytes, suggesting that this phase of expansion 

+ 

is developmentally regulated. Proliferation of CD4 

+ 

and CD8 cells is seen in re-aggregates of purified 

MHC class II thymic RE cells, while CD4 and 

+ 

CD8 cells generated from bcl-2 transgenic 

+ + + 

CD4 8 69 thymocytes in the absence of stromal 

cell support survive but do not proliferate; this 

+ 

observation indicates that MHC class II thymic RE 




50 



Chapter 3 



cells are both necessary and sufficient to mediate 

this wave of cell division. The maturation of 

+ + + 

CD4 8 69 thymocytes and the subsequent 

+ + 

proliferation of CD4 and CD8 cells occur in the 
presence of MHC-mismatched thymic stromal cells, 
suggesting that the later stages of positive selection 
and the associated postselection events do not 
depend on interactions with the same peptide/MHC 
complexes responsible for initiation (115). 

The role of medullary thymic RE cells in 
tolerance induction to MHC class I restricted self 
peptides was analyzed by studying the (3- 
galactosidase (p-gal)-specific cytotoxic T cell 
response of a transgenic mouse expressing p-gal in 
the thymus, skin, and central nervous system (Tg P- 
gal mouse). P-gal expression in the thymus was 
limited in to a subpopulation of medullary RE cells 
and Tg p-gal mice did not mount an anti-p-gal CTL 
response even in the presence of exogenous IL-2, 
while Tg p-gal— >B6 chimeras responded to P-gal as 
strongly as NTg p-gal mice. Furthermore, Tg P-gal 
mice did not generate CTL against the 
immunodominant Kb-restricted p-gal 497-504 
peptide, and tolerance was due to the thymic RE 
cells that expressed P-gal because nude mice grafted 
with thymus from Tg P-gal mice were also unable to 
respond to p-gal. The Tg p-gal mouse-derived P-gal 
medullary RE cells, the XI 0 cell line was found to 
present the Kb-restricted p-gal 497-504 epitope. 
These findings demonstrate that medullary thymic 
RE cells induce a complete tolerance towards class 
I-restricted self-peptides presented on their own 
surface (116). It has also been shown that cells of the 
medullary RE cellular network, but not thymic bone 
marrow-derived cells can use a MHC class 11 
endogenous presentation pathway to induce 
tolerance to nuclear proteins (117). 

Apoptosis of normal thymocytes has been shown 
to be triggered by several mechanisms (e.g. 
glucocorticoids, y-irradiation). Thymocyte apoptosis 
induced by thymic RE cells have also been reported. 
The thymocytes undergo a massive apoptotic death 
within 24 hours of cocultivation with thymic RE cell 
monolayers derived from primary cultures or from a 
thymic RE cell line. Non-thymic epithelial 
monolayers were inactive. Induction of T cell 
apoptosis required direct contact between the 
thymocytes and the thymic RE monolayer and can 
be blocked by anti-CD2 and anti-LFA-1 MoABs. 

- +dull + + 

The immature CD3 / CD4 8 thymocytes were 
the cells which undergo apoptosis. This massive 
apoptotic process of immature cells occurs in the 



absence of exogenous antigen, suggesting that it 
involves nonselected thymocytes, although apoptosis 
is certainly involved in the intrathymic selection 
processes. The apoptotic pathway selected by 
thymocytes following their culturing on RE cell 
lines involves p53 expression. Indeed, it was found 
that RE cell-induced apoptosis in vitro, led to the 
accumulation of p53 protein that preceded the step 
of DNA fragmentation in freshly isolated 
thymocytes, as well as in a glucocorticoid resistant 
thymoma cell line. Since glucocorticoid-induced 
thymocyte apoptosis is p53-independent, 
glucocorticoids are conceivably not involved in RE 
cell-induced thymocyte death (118). 

The in vitro effect of thymic RE cells on 
dexamethasone-induced DNA fragmentation of 
thymocytes as a parameter for apoptosis has also 
been investigated. By co-culture of thymocytes with 
an RE cell line, at the condition without cell-cell 
contact, the DNA fragmentation of thymocytes 
caused by physiological level of glucocorticoid was 
significantly suppressed. The same effect was 
detected when treated the thymocytes with the 
supernatant from the cultures of the RE cell line. 
Thus, humoral factors released by RE cells can 
rescue thymocytes from the glucocorticoid-induced 
apoptosis (119). 



5. RE CELLS: KEY CELLS OF IMMUNE- 
NEUROENDOCRINE REGULATION 

It is now largely established that the immune and 
neuroendocrine systems cross talk by using similar 
ligands and receptors. In this context, the 
hypothalamo-hypophyseal-thymic axis can be 
regarded as a paradigm of connectivity in both 
normal and pathological conditions (120). It is well 
known that cytokines and thymic hormones 
modulate hypothalamic -pituitary functions: 

1. IL-1 seems to upregulate the production of 
corticotropin-releasing factor and by 
adrenocorticotropin by hypothalamic neurons 
and pituitary cells, respectively; 

2. thymulin enhances LH secretion. Conversely, a 
great deal of data strongly indicates that the 
hypothalamo-pituitary axis plays a role in the 
control of thymic physiology. Growth hormone 
(GH) for example, enhances thymulin secretion 
by RE cells, both in vivo and in vitro, also 
increasing extracellular matrix-mediated RE 
cell-thymocyte interactions. Additionally, gap 
junction-mediated cell coupling among RE cells 
is upregulated by ACTH. In a second vein, it 
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was shown that GH injections in aging mice 
increased total thymocyte numbers and the 
percentage of CD3-bearing cells, as well 
concanavalin-A mitogenic response and IL-6 
production. In addition to mutual effects, 
thymus-pituitary similarities for cytokine and 
hormone production have been demonstrated. 
Cytokines such as IL-1, IL-2, IL-6, IFN-y, TGF- 
(3 and others can be produced by hypothalamic 
and/or pituitary cells. Conversely, hormones 
including GH, PRL, LH, oxytocin, vasopressin 
and somatostatin can be produced 
intrathymically (120). Moreover, receptors for a 
number of cytokines and hormones are 
expressed in both the thymic and the 
hypothalamus/pituitary cells. It is also 
noteworthy that a thymus-pituitary connectivity 
can also be seen under pathological situations. 
In this regard, an altered HPA axis has been 
reported in AIDS, human falciparum malaria 
and murine rabies, that also show a severe 
thymic atrophy (120). 

Cortical, undifferentiated thymocytes undergo a 
complex process of maturation, largely dependent on 
interactions with the thymic microenvironment, a 
tridimensional cellular network formed by RE cells, 
macrophages, dendritic cells, and fibroblasts. 
Lympho-stromal interactions in the thymus crucially 
determine the fate of developing T cells. 
Endodermal RE cells, interdigitating reticular cells, 
macrophages and fibroblasts all play a role in the 
shaping of the T lymphocyte repertoire. Recently 
published evidence shows that lympho-stromal 
interaction is bi-directional (121). Developing T 
cells themselves, at different stages of maturation, 
also control the microarchitecture of thymic cellular 
microenvironments, a phenomenon designated as 
'crosstalk' (121). One essential cellular interaction 
involves the TCR-CD3 complex expressed by 
thymocytes with MHC-peptide complexes present 
on microenvironmental cells. Additionally, thymic 
RE cells interact with thymocytes via soluble 
polypeptides such as thymic hormones and 
interleukins, as well as through extracellular matrix 
(ECM) ligands and receptors (101). Such types of 
heterotypic interactions are under neuroendocrine 
control. For example, thymic endocrine function, 
represented by thymulin production, is up regulated, 
both in vivo and in vitro , by thyroid and pituitary 
hormones, including prolactin and growth hormone. 
These peptides also enhance the expression of ECM 
ligands and receptors, as well as the degree of RE 
cell-thymocyte adhesion. In addition, intrathymic T- 
cell migration is also hormonally regulated as 



ascertained by the thymocyte entrance into and exit 
from the TNC lymphoepithelial complexes. Taken 
together these data clearly illustrate the concept that 
neuroendocrine circuits exert a pleiotropic control 
on thymus physiology. The intrathymic production 
of hormones such as prolactin and GH suggests that, 
in addition to endocrine circuits, paracrine and 
autocrine interactions mediated by these peptides 
and their respective receptors may exist in the 
thymus, thus influencing both lymphoid and 
microenvironmental compartments of the organ. 

The expression of extracellular matrix ligands 
and receptors by cultured thymic RE cells is 
upregulated by prolactin and GH, the latter 
apparently occurring via insulin-like growth factor 1 
(IGF-1). GH enhances immune responses (122). 
Recently, a small mol. weight compound, GHS was 
identified as an inducer of the GH production by the 
pituitary gland. In young mice, GHS enhanced the 
number of peripheral blood lymphocytes, but there 
was no increase in T and B cell proliferative 
responses. Suprisingly, in old mice (16 to 24 months 
of age), GHS treatment for three weeks induced 
significant regeneration of the thymic architectonic 
through the increase in cell proliferation and 
differentiation. These treated old mice also 
demonstrated significant resistance to the 
development of tumors, induced by a transplantable 
lymphoma cell line, EL4. Generation of cytotoxic 
lymphocyte lines against the tumor cells also was 
promoted by GHS treatment (122). These 
experimental results ascribed to GHS, suggest a 
possible, new therapeutical approach for aging, 
AIDS and transplant recipients, whose immune 
functions are weak. Thymocyte release from the 
TNC lymphoepithelial complexes, as well as the 
reconstitution of these complexes is enhanced by 
PRL, GH, GHS, and IGF-1. Treatment of a mouse 
RE cell line with these hormones has been shown to 
induce an increase in thymocyte adhesion, an effect 
significantly prevented in the presence of antibodies 
to fibronectin, laminin or their respective receptors 
VLA-5 and VLA-6 (123). 

The three well defined and biochemically 
characterized thymic hormones, Facteur Serique 
Thymique [FTS, later named thymulin (124, 25)], 
thymosin-a and thymopoietin (126, 27) have also 
been detected in the cells of RE network and in HBs. 
These results allowed us to suggest that HBs possess 
an active secretory role and thereby may participate 
in the intrathymic T lymphocyte differentiation 
(128). Furthermore, it is significant that 
immunocytological evidence for the simultaneous 
presence of all three thymic hormones in the same 
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RE cells of the human thymic microenvironment has 
also been determined (129). In a recent study, 
Gaudecker and co-investigators (130) used a library 
of MoABs together with gold-coupled reagents in 
immuno-electron microscopy to study the fine 
cellular distribution of the molecules to which the 
antibodies bind. Anti-cytokeratin antibodies were 
employed to identify the epithelial nature of all 
thymic RE cells, while the distribution of MHC class 
II molecules was revealed with MoABs to shared 
nonpolymorphic determinants. MoAB MR6 showed 
strong surface labeling of cortical RE cells and 
subcapsular TNCs and very weak surface staining of 
thymocytes, medullary macrophages, and 
interdigitating cells. MoAB 8.18 also labeled an 
another cell surface molecule; this was present on 
HBs and associated, hypertrophied medullary RE 
cells. The two molecules detected by MoABs MR6 
and 8.18 are therefore located in a position where 
they are available to interact with external cellular 
and soluble signals within the thymus. In contrast, 
MoABs MR10 and MR19 recognized intracellular 
molecules within subcapsular, perivascular, and 
medullary RE cells. A similar distribution pattern 
was seen with MoAB 4(3, developed against the 
thymic hormone thymulin, although, in addition to 
the expected intracellular RE cell staining, large 
lymphoblasts in the subcapsular zone showed 
surface positivity, indicating the presence of 
thymulin bound to surface receptors on these early 
thymoblasts. As expected, MHC class II molecules 
were expressed on some medullary and essentially 
all cortical RE cells. However, although most 
subcapsular epithelium was MHC class II-negative, 
some cells did express these MHC molecules on 
their apical surface and on the surface of their 
cytoplasmic extensions into the cortex. Interestingly, 
some cortical RE cells surrounding capillaries 
expressed MR6 and MR10, MR19 antigens, and 
presence of thymulin was revealed. Double-labeling 
experiments, using both MR6 and MR 19 MoABs 
simultaneously, revealed the existence of a double- 
positive perivascularly located RE cell 
subpopulation in the thymic cortex. It remains a 
possibility that these "double positive" RE cells 
represent a common thymic RE cell progenitor. 

Similar results were published after 
immunocytochemistry on RE cells in vitro from 
thymic tissue cultures (131). By the use of rapidly 
expanding cultures of thymic RE cells from 1 4 to 16 
day-old murine fetuses and by specific antibodies 
against cortical and medullary located RE cells, 
respectively, the authors were able to demonstrate a 
small subpopulation of double-labeled RE cells in 



the cultures. These cells were not present in RE cell 
cultures initiated from thymuses of neonatal mice. 
Double-labeled RE cells were also detected in 
prenatal thymic tissue sections. These findings may 
indicate that the "double positive" RE cell 
subpopulation represent a common epithelial in 
nature stem cell for the thymic RE networks in the 
cortex and the medulla. 

Amongst the most important signal transduction 
molecules involved in regulating growth and 
differentiation are the protein tyrosine kinases 
(PTK). Since intrathymic T lymphocyte maturation 
and differentiation is a consequence of cellular and 
humoral interactions between thymic stromal cells 
(TSC) and thymocytes, identification of the PTK in 
both compartments is required to dissect this 
process. PTK was observed in mouse TSC, using 
RT-PCR to survey the repertoire of PTK mRNAs 
expressed in a freshly isolated TSC preparation 
(132, 133). Ten different PTK cDNAs were 
identified among the 216 cDNAs sequenced. 
Transcripts of three of those ( ufo , fyn and fer) were 
widely expressed among a large panel of 
immortalized thymic RE cell lines and in primary 
cultures of TSC. Of the other seven, none were 
expressed in established RE cell lines but, instead, 
displayed distinct expression patterns in cell types 
likely to have contaminated the fresh TSC 
preparation, i.e., macrophages, B cells, T cells and 
fibroblasts. Among the three PTK expressed in RE 
cell lines, only one, ufo, exhibited expression 
exclusively in cells of non-hemopoietic origin. 
Although expression of ufo (also named tyro 7, axl 
or ark) is not thymus specific, it is also expressed in 
cell types of mesodermal origin, placed in other 
tissues, its presence in thymic RE cells suggests a 
role for ufo in differentiation of the TSC 
microenvironment. Consistent with this notion, high- 
level expression of this receptor PTK at the protein 
level could be documented in every thymic RE cell 
line observed, as well as in fresh, frozen thymus 
tissue sections. These results provided the initial 
example of expression a receptor PTK in TSC and 
opened a new direction in study of the molecular 
regulation of thymic stromal microenvironment 
differentiation (133). 

Previous studies have shown that a single dose 
of hydrocortisone in mice was able to transiently 
upregulate the expression of cytokeratins (CKs) 3 
and 10 by medullary RE cells of the mouse thymus. 
It has also been found that single versus repeated 
exposure to high doses of glucocorticoid hormone 
may trigger different circuits regulating intrathymic 
CK expression (134). The possible role of 
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glucocorticoids (GCs) in the maturation of thymic 
dendritic cells (DCs) during early ontogeny was 
analyzed by Sacedon et al. in the progeny of 
adrenalectomized pregnant rats (Adx fetuses) (135). 
In the absence of maternal GCs, there was a high 
percentage of DCs, many of them exhibiting a 
mature phenotype, demonstrating that as for other 
stromal cellular components of the rat thymus, DC 
maturation is accelerated in an early fetal 
microenvironment devoid of glucocorticoids. 

Murine thymic RE cells express the cytochrome 
P450 hydroxylases CypllAl, Cyp21, and CypllBl. 
These enzymes, in combination with 3(3- 
hydroxysteroid dehydrogenase (3(3HSD), convert 
cholesterol into corticosterone, the major GC in 
rodents. In addition, when RE cells are cocultured 
with 'reporter cells' containing the glucocorticoid 
receptor (GR) and a GR-dependent reporter gene, a 
specific induction of reporter gene activity was 
observed. Induction of reporter gene activity was 
blocked when the RE cells and reporter cells were 
incubated in the presence of the Cyp 1 1 B 1 inhibitor 
metyrapone or the 3(3HSD inhibitor trilostane, as 
well as by the GR antagonist RU486. Coculturing of 
RE cells with thymocytes induced apoptosis in the 
latter, which was partially blocked by the enzyme 
inhibitors and RU486 (136). 

Parathyroid hormone-related protein (PTHrP), a 
cytokine-like peptide, has been reported to affect the 
proliferation of lymphocytes in vitro. Antibodies 
directed against 2 different PTHrP epitopes, 
PTHrP(l-34) and PTHrP (34-53), demonstrated 
prominent specific PTHrP immunoreactivity in both 
subcapsular and medullary RE cells. In addition, 
faint but specific staining for PTHrP was described 
in the cortex, interdigitating between cortical 
lymphocytes while sparing epithelial-free 
subcapsular areas, thus suggesting that cortical RE 
cells could also be a source of PTHrP 
immunoreactivity. In contrast, PTH/PTHrP receptor 
immunoreactivity was only seen in medullary and 
occasionally in septal RE cells, while no evidence of 
cortical or lymphocytic PTH/PTHrP receptor 
immunoreactivity was detected. Cultured 
cytokeratin-positive rat thymic RE cells were also 
immunoreactive for both PTHrP and PTH/PTHrP 
receptor. Thus, it seems that PTHrP may exert 
significant intrathymic effects mediated by direct 
interactions with RE cells, or through indirect effects 
on PTH/PTHrP receptor-negative thymocytes (137). 

The molecular and functional expression of 
serpentine membrane receptors for vasoactive 
intestinal peptide (VIP), calcitonin gene-related 
peptide (CGRP), a neuropeptide and calcitonin (CT) 



were characterized in human thymus and thymomas 
from myasthenia gravis (MG) patients and thymic 
RE cells either in primary culture (PREC) or 
transformed by the simian virus 40 large T 
(SV40LT) oncogene (LT-REC) by Marie and co- 
workers (138). Receptor (-R) transcripts for VIP, 
CGRP, and CT were identified in the thymus from 
control subjects and MG patients with either 
hyperplasia or thymoma. Similar expressions of the 
VIP- and CGRP-R transcripts were observed in 
PREC, whereas the CT-R message was not detected. 
In LT-REC, the signals for VIP-R, CGRP-R, and 
CT-R transcripts were seen with a lower intensity 
than those in control and MG thymus. VIP seems to 
be the most potent peptide among VIP-related 
peptides (VIP > PACAP > I'HKl" > PHV) to 
stimulate cAMP production through specific type 1 
VIP receptors in both PREC and LT-REC. cAMP 
generation was induced by CGRP in PREC and by 
CT in LT-REC. Type 1 VIP-R, CGRP-R, and CT-R 
are expressed on thymic RE cells. The transcription 
of the acetylcholine receptor a subunit (the main 
autoantigen in MG) was induced by CGRP and CT 
in PREC and LT-REC, respectively. These data 
suggest that the neuroendocrine peptides VIP, 
CGRP, and CT may be associated with MG and 
malignant transformation of the human thymus. 
Proliferation of thymic RE cells increases in 
response to addition of CGRP and histamine, but is 
decreased by isoproterenol, 5-HT, and acetylcholine. 
The percentage of multinucleate cells decreased 
following isoproterenol, and increase after 5-HT, 
GABA, and histamine treatment. Compared to 
controls, thymulin in the supernatant was decreased 
after incubation with acetylcholine, isoproterenol, 5- 
HT, and histamine (139). Although the results 
presented by Head and co-authors (139) demonstrate 
direct effects of neuropeptides and neurotransmitters 
on rat thymic RE cells, it is very important to realize 
that these data were obtained based on observations 
in cell culture, and serve more to demonstrate the 
physiological flexibility of thymic RE cells, than to 
delineate any in vivo mechanisms involved in the 
regulation of thymic lymphopoiesis. 

Catecholaminergic nerve fibers have been 
detected in close connection to thymic RE cells, 
which therefore may represent preferred target cells. 
(31- and (32-adrenoceptor mRNA was detected in 
cultured rat thymic RE cells. Adrenaline, 
noradrenaline or the (3-adrenoceptor agonist, 
isoprenaline, were found to increase intracellular 
cAMP levels 25 fold in thymic RE cells in vitro in a 
dose-dependent manner, and the response was 
mediated by receptors of the (31- and the (32- 
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subtypes. The increase in cAMP was downregulated 
by preincubation with glucocorticoids, such as 
dexamethasone or cortisol which also changed the 
relative importance of (31 -/[32-adrenoceptors to the 
response. Incubation with isoprenaline or the 
adenylate cyclase activator forskolin decreased basal 
and serum-stimulated proliferation of thymic RE 
cells. However, adrenergic stimulation of RE cells 
did not induce IL-1 production. The ability of cells 
of the RE cellular network of the thymic 
microenvironment to respond to catecholamines 
suggests that adrenergic stimulation may be 
modulate the regulation of immune functions (140). 

Somatostatin (SS) and its analogs exert 
inhibitory effects on secretive and proliferative 
processes of various cells via high affinity SS 
receptors (SS-R). SS analogs bind with different 
affinity to the five cloned SS-R subtypes. Octreotide, 
an octapeptide SS analog, binds with high affinity to 
the SS-R subtype 2 (sst2). SS-R has been 
demonstrated in vivo and in vitro on cells of the 
endocrine and immune systems. Among the 
lymphatic tissues, the thymus has been shown to 
contain the highest amount of SS, suggesting a local 
functional role of the peptide (141). The autocrine 
and/or paracrine role of SS and its receptors in the 
regulation of cell growth and differentiation within 
the thymic microenvironment has yet to be clarified. 

Sex hormone receptors and thymulin are co- 
localized in thymic RE cells, but not in T 
lymphocytes. Furthermore, production/expression of 
thymic factors (thymulin, thymosin-al) are 
remarkably inhibited by sex hormone treatment, and 
sex hormones cause changes in T cell 
subpopulations in the thymus. Sex hormones also 
strongly influence the development of thymus 
tumors in spontaneous thymoma BUF/Mna rats 
through their receptor within the tumor cells. The 
proliferation/maturation of thymic RE cells is 
mediated through protein kinase C activity induced 
by sex hormones and sex hormones can directly 
influence DNA synthesis and cdc2 kinase activity 
(142). The long-term effects of sex steroids have 
been well documented for thymocytes and cells of 
the thymic microenvironment. The rapid actions of 
progesterone upon aspects of thymic RE cell 
physiology were examined in a recent study (143). 
Progesterone (0.1-10 pm) was applied to cultured 
thymulin-secreting RE cells and changes in 
transmembrane potential, transmembrane current, 
intracellular calcium levels and thymulin secretion 
were assessed. Rapid changes in electrophysiology 
and intracellular calcium provide evidence for a 
membrane-bound progesterone receptor in these 



cells, in addition to classical cytoplasmic receptors. 
Application of progesterone to these RE cells caused 
electrophysiological changes in a majority of the 
cells, activating an inward current and dose- 
dependent depolarization. Intracellular calcium 
levels increased within seconds of progesterone 
application. Progesterone increased thymulin levels 
in supernatant above the levels in the pre-application 
period. This effect was reduced in the presence of 
cobalt chloride, which blocks voltage-dependent 
calcium channels. In addition, RE cells in culture 
were immunoreactive to antibody AG7. This 
antibody was raised to a membrane-bound antigen 
involved in calcium influx subsequent to 
progesterone binding in sperm (143). Higher 
incidents of autoimmune diseases in females were 
the main suggestion that gonadal steroid hormones 
may also modulate the human immune response 
(144, 145). The effects of androgens have been 
observed on the differentiation of lymphocytes in the 
thymus and bone marrow. The expression of 
androgen receptor, a ligand activated transcription 
factor that mediates hormone actions, has been 
detected on lymphatic and nonlymphatic cells of the 
thymic microenvironment and in bone marrow. 
Hormonal treatments suggest that thymic RE cells 
and bone marrow stromal cells are the mediators of 
androgenic effects on immature T and B 
lymphocytes. 

Oxytocin (OT) has been shown to be the 
dominant peptide of the neurohypophysial family 
expressed by thymic RE and nurse cells in various 
species (146). Ontogenetic observations defined that 
thymic presence of OT gene precedes the 
hypothalamic one. Thymic OT is not secreted blit, 
after translocation of a hybrid neurophysin/MHC 
class I protein, is integrated within the plasma 
membrane of RE cells, thus allowing its presentation 
to pre-T cells. Immunoreactive-OT (ir-OT), ir-IL- 
1(3, ir-IL-6 and ir-LIF have been detected in the 
thymic RE cell cultures (147). ir-OT was restricted 
to thymic RE cells, while some ir-IL-6 and ir-LIF 
were occasionally detected in fibroblasts. In basal 
conditions, ir-IL-6 and ir-LIF (but neither ir-OT nor 
ir-IL- 1 (3) were detected in the supernatants of human 
RE cell cultures. MoABs to OT induced a marked 
increase in ir-IL-6 and ir-LIF secretion in RE cell 
cultures. 



6. CONCLUSIONS 

During mammalian ontogenesis, the thymus is a 
hematopoietic organ. In the past, it was believed 
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that after birth, the thymus loses this function of 
hematopoiesis. However, as shown by numerous 
studies and researchers over the last half century, 
lymphatic and nonlymphatic hematopoiesis remains 
one of the main functions of the cellular 
microenvironment. It appears that both the other 
stromal elements of the thymic microenvironment 
and the differentiating hematopoietic cells 
significantly influence the functional state of thymic 
RE cells, thus establishing the bi-directional intrinsic 
regulatory circuit. I hope that future functional 
observations will be carried out employing single- 
chain antibodies specific for evolutionary conserved 
RE, microenvironmental interspecific molecules. 
These studies will detect shared, rodent/human 
antigens and will allow us new, functional, and 
comparative analyses. 

Certainly, the thymus remains the first, central 
and most important organ of T lymphopoiesis. I 
think that the different stages of this intrathymic T 
lymphocyte maturation and differentiation is fully 
described throughout scientific literature. 

We paid much attention to the thymic reticulo- 
epithelial (RE) cellular network as a cellular level of 
neuro-endocrine regulation in this chapter. These 
libraries of polypeptides belong to a number of 
neuroendocrine protein families (such as the 
neurohypophysial, tachykinin, neurotensin and 
insulin families). These neuroendocrine polypeptides 
are self-antigens and via the thymic RE cells are able 
to modulate the hematopoietic stem cell 
differentiation in different cell lines. The thymic RE 
cells play a key role in the induction of the self- 
tolerance to neuroendocrine polypeptide families. I 
agree with Geenen and co-workers (105) that the 
tolerogenic properties of the self-antigens of the 



thymic stromal microenvironment could be used for 
vaccination to prevent the development of 
autoimmune diseases. 

Recently a small mol. weight compound, a GHS 
was identified as an inducer of the GH production by 
the pituitary gland. In young mice, GHS enhanced 
the number of peripheral blood lymphocytes, but 
there was no increase in T and B cell proliferative 
responses. Suprisingly, in old mice (16 to 24 months 
of age) GHS treatment for only three weeks induced 
significant increase in thymic cellularity and cell 
differentiation. These treated old mice also 
demonstrated significant resistance to the initiation 
of tumors by a transplantable lymphoma cell line, 
EL4. Generation of cytotoxic lymphocytes against 
the tumor cells also was promoted by GHS. I agree 
with Koo and co-workers (122) that the actions 
ascribed to GHS suggest a possible, new 
therapeutical approach for the aging population, 
AIDS patients and transplant recipients, whose 
immune functions are weak. 

Androgen receptor expression on thymic RE 
cells and bone marrow stromal cells also modulate 
the T and B lymphocyte maturation. Recent 
castration or androgen resistant testicular 
feminization experiments in normal male rodents 
produced significant enlargement of the thymus, and 
androgen treatment reverses these changes. Probably 
therefore is so high the incidence of autoimmune 
disorders in females. 

All of this demonstrates and puts forth crucial 
evidence that the thymus is a very important organ 
of hematopoiesis throughout the entire life of a 
mammalian organism. 
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Chapter 4 

Development of Lymphopoiesis as a Function of the Thymic 
Microenvironment 



Abstract: Previous thymic studies detected a subcapsular A B s and Thy-1 , TE4 , Vimentin , Cytokeratin , so-called “endocrine” 

RE cell or nurse cell (TNC) subpopulation within the cortical RE cell network. Secretion of multiple in situ active, 
autocrine growth factors and a humoral chemotactic factor by the cells of ectomesenchymal origin allows the 
commencement of immigration of hematopoietic stem cells. The thymic lymphopoiesis is initiated by the immigration of 
pluripotent (with cellular immunophenotype TdT + , Ki67 + , CD3-, CD7 + , CD34 + , CD38 + , CD44 , CD45 + or T200), but 
already to T lymphocyte cell lineage committed hematopoietic stem cells during the 6-7th week of ontogenesis. CD2, a 
50-55 kD, glycoprotein is the first intrathymic, early differentiation antigen expressed during the 8-9th ontogenetic weeks. 
This antigen also serves as a cell surface component of the alternative or antigen independent pathway of thymocyte 
activation. The 10th week is defined as the first expression of CD4 and CD8 antigens, which determine the basic, 
characteristic dichotomy of the T lymphocytes. The induction of the initial proliferative wave of immature cortical 
thymocytes is carried out by the LFA-3 (CD58) adherence molecules, the receptors of CD2 antigens located on reticulo- 
epithelial cells. Because of the extremely high proliferation rate the thymic mass markedly expands in all dimensions, 
numerous microlobules are formed. Between the 13th to 16th week, the typical thymic cell environment is formed and the 
first Hassall's bodies are developed. The outer layer of the Hassall’s bodies contains hypertrophized TE8 , TE16 and 
TE19 reticulo-epithelial cells, with an active secreting cytoplasmic structure. 

Key words: Antigen presenting cell (APC); Growth factor; Interdigitating cell (IDC); Maturation; Langerhans cell (LC); Neural crest; 

Proto-oncogene; Organogenesis; Reticulo-epithelial cellular network; Thymus; T-lymphocyte; T-lymphocyte receptor; 
Thymic cellular microenvironment (TCM) 



1. BIOLOGICAL REGULATION OF CELL 
DIFFERENTIATION AND THE 
PROLIFERATION DURING EARLY 
ONTOGENESIS 

Cellular differentiation is a biological 
phenomenon and by definition is "a process by 
which a cell acquires or displays a new stable 
phenotype without changing its genotype" (1-4). 
This process involves induction (activation) of genes 
that characterize the differentiated state and the 
repression of their independent suppressor genes (5- 
9). The control of cell differentiation is integrally 
coordinated with the process of cell proliferation 
(10-20). A defective regulation of these processes 
may result in the development of carcinogenesis (2, 
21-23). Pluripotent hematopoietic cells, tenned 
"stem cells" capable of fast cell growth and rapid 
cell divisions, have the potential for self-renewal or 
differentiation in two or more morphologically 



various cells within one tissue type (24-33). 
Infection of long-term marrow cultures with src, a 
molecular recombinant of Rous' sarcoma virus and 
murine amphotropic leukemia virus, led to 
continuous in vitro production of multipotential stem 
cells (7). Adipocytes, chondrocytes, muscle cells, 
and macrophages all represent derivatives of a 
special, common type mesenchymal stem cell. 

The term "stem cell" is also applied to 
multipotential somatic cells; "progenitor cell" 
represents a stem cell that is already differentiated 
and committed in one direction and its proliferation 
and differentiation are more limited, compared to the 
original mother stem cell, but not its growth 
properties (34-49). A granulocyte progenitor cell is 
programmed to differentiate only toward 
granulocytes and not towards mesenchymal cells. 
Progenitor cells usually involve only a single cell 
lineage. A very important question is whether yolk 
sac or fetal liver-derived stem cells become 
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committed to T cell lineage within the yolk sac or 
liver, or the commitment develops once the stem 
cells have entered the thymic microenvironment (50- 
52). These progenitor cells proliferate further to 
produce the functionally mature, post-mitotic cells 
required to replace those lost through natural cell 
death. 

At the same time, "genetic programs" control the 
destiny of cells during ontogenetic development and 
differentiation (10, 24, 40, 53-66), with the 
mechanism of restriction to the number of cell 
lineages that stem cells have the potential to form. 
Usually at this level the terms commitment and 
determination are used (31, 67-72). The process of 
intrathymic T lymphocyte maturation is marked with 
activation or inactivation of a set of genes such as 
those encoding components of T cell receptors for 
antigen (TCR a, (3, y, 8) (1, 17, 21, 22, 58, 73-78) 
and those coding for the T3 chains necessary for 
both the expression of T lymphocyte receptor on the 
cell surface and the antigen dependent activation of 
T lymphocytes (3, 5, 17, 34, 41, 47, 48, 55, 79-114). 

1.1 Role of c-myc and c-fos oncogene 

expression in growth and differentiation 
embruogenesis 

Expression of viral oncogenes by transforming 
retroviruses infected cells alters the proliferation and 
differentiation rate in these target cells, suggesting 
that the cellular homologues of viral oncogenes, the 
proto-oncogenes, have a significant role in normal 
cell proliferation and differentiation (115, 116). The 
c-onc genes, particularly those encoding nuclear 
antigens, might be differentially regulated at the 
transcriptional level during cell-cycle progression 
(117-119). Several of these genes encode protein 
products that are homologous to either a growth 
factor or a growth factor receptor. Therefore c-myc 
activation in thymocytes is mediated by growth 
factors, supporting the notion that c-myc play an 
important role in the control of cell proliferation. 
Since freshly isolated immature thymocytes express 
low levels of c-myc mRNA it is possible that IL-2 or 
IL-7 alone and Con A together with the tumor 
promoter 12-0 - tetradecanoylphorbol -13-acetate 
(TP A) in dose lng/ml induces c-myc production in 
at least a subpopulation of thymocytes during the 
embryonal ontogenesis (120, 121). Other data 
suggest an IL-2 induced increase in c-myc 
expression in lectin-activated T lymphocytes in 
vitro. Thymocyte activation not only increases c-myc 
expression but also induces immature thymocytes to 
produce this oncogene de novo. The majority of 



cortical thymocytes are CD3 h CD6 + cells, and have 
been experimentally shown that even CD3" cells 
could be induced to synthesize lymphokines, 
autocrine regulatory factors, and express their 
receptors such as 1L-2R (120). The sis oncogene of 
the simian sarcoma virus demonstrates a homology 
with the platelet-derived growth factor (PDGF), 
which stimulates the growth of connective tissue 
cells (7). 

1.2 Growth factors secreted during early 
organogenesis 

Some growth factors are unique, appearing only 
during early embryonic development; others, the so- 
called "defined" growth factors, derive from adult, 
partly differentiated tissues (2). Four groups of 
growth factors are involved in early ontogenesis: 

1. Transforming growth factor a and (3 (TGF-a 
and TGF-(3) (2, 122, 123); 

2. Platelet-derived growth factor (PDGF-a and 
PDGF-J3) (3, 124); 

3. Epidermal growth factor (EGF); and 

4. Insulin-like growth factor I and II (IGF). 

The target cells for growth factors are 
characterized by the expression of specific 
transmembrane receptors, chemically binding the 
factor and stimulating the cellular response (27). 
Only within 15 minutes of initial stimulation (0-24 
hours after serum stimulation), nuclei isolated from 
BALB/c-3T3 cells demonstrated a striking increase 
in the transcription of two genes, c-fos and actin. 
The c-fos transcription increased more than 15-fold 
and very rapidly, but returned to its initial level in 30 
minutes. The nuclear protein, encoded by c-fos has 
multifunctional properties (7, 117). C-fos expression 
interferes with thymic development in transgenic 
mice (125). Japanese authors have already compiled 
a list of the various growth factors involved in 
lymphocyte differentiation (126). Src-infected 

lymphocyte cultures generated a continuous 

transformation into multipotential stem cells (127). 
At the same time human immature lymphocytes 
were driven to differentiate into non-lymphatic cells 
by the use of thymic RE cell-derived cytokines 
(128). The Thy-1 receptor on human T lymphocytes 
and transfected B cells functions also as a signal 
transduction molecule (129). 

A transgenic }\2-c-fos mouse, expressing c-fos 
from the H2-K promoters in several organs has been 
developed (125). These transgenic mice have 
enlarged spleens and hypertrophied thymuses, which 
contain increased numbers of RE cells. These results 
suggested that the prenatal presence of c-fos 




4. Development of Lymphopoiesis as a Function of the Thymic Microenvironment 



63 



specifically increased the proliferation of thymic RE 
cells. However, the functional analyses of T and B 
lymphocytes demonstrated the presence of a 
deficient, immunophysiologic status of these cells in 
transgenic mice. T lymphocytes differentiation is 
altered in H-Y-specific T cell receptor a/(3 
transgenic mice (89, 130-132). The positive 

selection was diminished, but not the negative in 
MHC class 11 transgenic mice which demonstrates 
that the place of MHC class II restriction is at the 
level of interdigitating (ID) cells (133). 

One of the main physiologic role of the thymus, 
as a special cellular and humoral microenvironment 
is the full development of the thymus-dependent T 
lymphocyte production, depends upon the successful 
completion of a number of well coordinated cellular 
interactions and growth factors related inductions 
between cells of widely divergent, primordial tissues 
(epithelium - primitive pharynx; ectomesenchyme - 
neural crest; and pluripotent or already cell lineage 
committed hemopoietic stem cells - yolk sac, fetal 
liver) during the embryonal ontogenesis (13, 14, 26, 
27, 31, 53, 128, 134-140). The major steps in the 
differentiation and maturation of lymphatic 
precursor cells to immunocompetent T lymphocytes 
occur through the secretion of factors with biological 
response modification activity (141-143). In the 
adult thymus, the majority of thymocytes are at a 

non-proliferating end stage, during which 3% of all 

+ + 

CD4 CD8 cortical thymocytes are selected on the 
basis of appropriate T-cell antigen receptor (TcR) 
specificity to become CD4 CD8 or CD4 CD8" 
mature T lymphocytes (144-146). These selected 
mature cells gradually emigrate to the secondary 
lymphatic tissue. The result of this differentiation, 
several distinct thymocyte subpopulations can be 
distinguished in the mammalian thymus and 
peripheral blood. 



2. HYPOTHESES ABOUT THE ORIGIN 
OF THYMOCYTES 

Historical overviews of functional hypotheses, 
considering the cell origin of thymocytes are always 
interesting and reflect the logical way of research 
thinking of the first classical era of thymology: The 
theory of "pure transformation" of the RE cells into 
lymphatic elements (24, 53, 54). Some ideas from 
the work of Koelliker (1852) are cited in German: 
"Koelliker (1852), der die Beziehung der 
Thymusanlagen zu den Schlundspalten zuerst 
erkannte war der Vater, der s.g. 



"Transformationslehre", also fur direkte 
Verwandlung der Epithelzellen in die lymphatischen 
Elemente. Die weitere Entwicklung der 
ursprtinglichen Ansicht Koelliker's war die Theorie 
der Transformation, der eine Einwanderung fremder 
Elemente in die epitheliale Anlage nicht sicher 
konstatieren konnte. Unten ihren Vertretem waren 
sehr bertihmte Morphologisten wie Toumeux und 
Herrmann (147), Maurer (148), Prenant (149), und 
Bell (137). Alle these Autoren leugnen auf, da(3 die 
Einwanderung von lymphatische Elemente hat die 
Richtung von Bindegewebe in die reine epitheliale 
Thymusanlagen. In Bindegewebe und den Gefa(3en 
soil es zur zeit des Beginns der lymphoiden 
Verwandlung der Thymus tiberhaupt keine 
Wanderzellen geben also konnen auch keine solchen 
ins Epithel einwandem. Das Auftreten von 
lymphoiden Zellen in der Thymusanlage hangt 
einzis und allein von einer besonderen 
Weiterentwickhung der Epithelzellen Selbst ab. Sie 
sollen sich durch schnelle Proliferation vermehren 
und in einen grossen Teil der Tochterzellen sollen 
sich dabei die urspriinglich gro(3en, flesigen, helle 
Kerne verkleinern, ein kompaktes, dunkles 
Aussehen bekommen durch Protoplasma 
Reduzirung, so da(3 echte, freie Lymphoblasten oder 
Lymphozyten entstehen. Prenant (149) beschreibt 
nicht nur mitotische Figuren, sondem noch die s.g. 
Stenose, eine besondere Art von Amitose und ihre 
Rolle. Jadenfalls ist es sehr wichtig hervorzuheben, 
da(3 alle Autoren (Anhanger der 
Transformationstheorie) die "kleinen Rundzellen" 
der Thymus trotz ihrer epithelialen Abstammung 
doch als echte, richtige Lymphozyten betrachten, die 
also auch in das Bindegewebe und in das Blut als 
cleren vollwertige Bestandteile iibertraten konnen. 
Prenant spricht liber Lymphoblasten und 
Lymphozyten (Bell auch) und vergleicht soger der 
Thymus mit Lymphknoten, wahrend er das Mark fur 
eine typ Keimzentrum erklert. 

Stohr (150) was the pioneer of the hypothesis of 
"paratransformation" of the epithelial cells into small 
lymphocytes. The transformed RE cells were called 
free-epithelial cells, and the thymocytes were 
characterized as not real lymphocytes. In original 
German notes: Stohr (1906, 1910) Vater des 
"modifizierte Transformationstheorie": “sie sind 
Abkommlinge von Epithelzellen und bleiben 
Epithelzellen, solange sie bestehen”. Diese Autoren 
la(3t die Rundzellen der Thymus ebenfalls aus dem 
Epithel der ursprtinglichen Anlagen entstehen, aber 
sie erkloren these Zellen als frei gewordere 
Epithelzellen, also bloss fur lymphozytenahnliche 
und nicht fiir echte Lymphozyten. Diese Zellen mit 
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den Lymphozyten des Blutes au(3er einer rein 
au(3erlichen, morphologischen Ahnlichkeit nichts 
gemeinsames haben und auch nicht aus der Thymus 
ins Blut ausgeschwemmt werden. Also der Thymus 
hat keiner Beziehung zur blutbildendes Organen. 
Stohr nach seinen Untersuchungen die an anussen 
Amphibien und an erschiedenen Saugetieren 
ausgefuhrt wurden, ist der Thymus, ein rein 
epitheliales bebilde. Lymphatische Zellen warden in 
der Thymus nicht erzeugt. Die "kleinen Zellen" 
entstehen in situ durch vielfoche Teilung (mitose) 
der Epithelzellen. Aderseits konnen sie sich durch 
eine Wachtum in gro(3e wieder in typische 
Epithelzellen zuriickverwandeln. Es wandern 
ebensowenig Leukozyten in der Thymus ein, wie 
etwas minimale Menge "kleinkemigen Zellen" der 
Thymus verlosst, auch die von den Thymus 
wegfuhrenden Blutgefa(3e sollen keine solchen 
Zellen enthalten. Aber wir missen sagen in der 
Untersuchungen von Stohr von Menschen nur 
ziemlich spate Stadien vorlagen, sein friihester Fotus 
war drei Monate alt. In dem Mesenchym sah Stohr 
nur sehr sparliche Saxersche Wanderzellen wahrend 
in der Thymus Leukozyten schon massenhaft 
vorkenden waren, und Zellgrapper mit Mitosen und 
auch Amitosen fehlten. Aber auch Stohr in gewissen 
Grade la(3t doch Immigration von echter Leukozyten 
in die rein epitheliale Anlage zu. Grade in Mark 
sollen die echten Leukozyten sehr zahlreich sein. 
Dies soil aber emst dann eintreten, wenn das 
ursprunglich von der finde ganz umschlo(3ene Mark 
sich spater an vielen Stellen entblo(3t, was meistens 
in der Tiefe der die Lappchen trennenden 
Einschnitte geschieht. Es muss notient werden, da(3 
aus Stohr's Theorie nicht klar hervorgeht, was 
eigentlich der morphologische Unterschied der ins 
Mark eindringenden "echten" Leukozyten und 
Lymphozyten und der in der Rinde entstandenen 
lymphozytenahnlichen Zellen sein soil und wie es 
neiglich ist, foils solche Unterschiede iiberhaupt 
nicht existeren, einen verschiedenen Ursprung fur 
die beiden hart nebeneinander liegenden und ganz 
gleich aussehenden Zellarten anzunehmen. In genau 
denselben Sinne wie Stohr schreiben auch Marcus 
(1907, 1908), Cheval (1908) und Gamburzeff 
(1908). Marcus untersuchte allerdings nicht der 
Saugerthymus, sondem das Organ von 
Gymnophionen und bildet die Meinung, “die 
Thymusrundzellen gingen infolge einer Stoning der 
Kem-Plasmarelation aus den Epithelzellen hervor”. 

The investigation and analysis of population 
changes in mature thymus glands was not able to 
supply valuable information about the origin of the 
thymic "small cells", the thymocytes (151-154). 



Sainte-Marie & Leblond (151) found four main 
cell types (reticular cells, large, medium, and small 
lymphocytes) in the cortex of rat thymus. Mitoses of 
reticular cells (epithelial or mesenchymal in origin) 
would yield an equal number of large lymphocytes 
and of new reticular cells. The number of large 
lymphocytes in medulla was only 0.025 per field, 
but at the same time in the cortex, there were 2.61 
per field, i.e. about 100 times more. The very 
important morphogenetic opinion: "Thus, only 1% 
of reticular cell mitoses produce large lymphocytes, 
the other 99% is yielding new reticular cells 
instead." The large lymphocytes would then begin a 
series of successive divisions, so that a total of eight 
generations of small lymphocytes would be 
produced and thus each initial large lymphocyte 
would yield 128 "mature" small lymphocytes. The 
presence of numerous small lymphocytes in 
medulla, suggested that the small lymphocytes are 
moving into from the cortex. Indeed, diapedesis of 
small lymphocytes was commonly seen across the 
walls of the perivascular lymphatic channels and 
blood vessels in medulla but not in cortex. An initial 
immigration of lymphocytes into the thymic cortex 
through the medulla must be postulated to allow 
then to reach the peripheral circulation. 

Auerbach (24, 53, 54) employing in vitro 
experimental techniques of tissue culture and organ 
transplantation was able to describe the origin of the 
thymic lymphocytes, as one of the main events of 
thymic ontogenesis: the development was seen to 
depend on a cellular interaction between 
mesenchyme and epithelial tissue. The same 
interaction could be reproduced in vitro between 
tissues separated with Millipore filter. While in vitro 
morphogenesis included lobulation and growth, the 
explants did not become lymphoidal in these studies, 
but transplantation of rudiments or explants to the 
anterior chamber of adult mouse eyes gave rise 
morphologically characteristic lymphoidal thymus 
grafts. Experimental combinations involving mouse 
and chicken tissues have been useful in the study of 
cell origins owing to the ready distinction between 
mouse and chicken cells in size and staining 
reactions. They demonstrate that under a variety of 
different experimental observations the epithelial 
component of the thymic rudiment is capable of 
forming the lymphoidal tissue of the thymus, and 
that neither immigrating cells of the host, nor thymic 
mesoderm, nor generalized mesenchyme contributes 
significantly to the initial lymphoid cell population 
of the mouse thymus. The 12 days thymic rudiments 
were separated into epithelial and mesenchymal 
components by the use of trypsin. The vesicular 
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nature of the epithelium in this developmental stage 
is disappearing, but the rudiment has not yet reached 
its definite position, has not yet lobulated and does 
not yet appear lymphoidal. Studies have 
demonstrated that mesenchyme, from a variety of 
sources served us inducers of lobulation and growth, 
but no attempt was made to carry analysis to 
morphogenesis of the lymphatic elements. 

It has been shown that the in vitro inductive 
effect leading to lobulation could be exerted across 
Millipore filter barriers, but here too, extension of 
the experiments to histogenesis in transplant 
situations was not attempted. For example, mouse 
lung mesenchyme was separated from the isolated 
thymic epithelium by a 20 TH filter barrier. After 
four days the epithelia opposite mesenchyme had 
grown and lobulated, where as control epithelia had 
become reduced in size and had undergone no 
morphogenesis. 

Auerbach (24, 53, 54) mentioned in his in vitro 
experiments a very important morphogenetic note: 
"the lymphoid development can occur in the absence 
of any direct cellular contribution by mesenchyme." 
In fact, in other experiments mouse thymus 
rudiments were grown on chorioallantoic 
membranes of chicken embryos, for seven days. All 
transplanted mouse thymuses underwent typical 
histogenetic changes toward lymphatic histo- 
organization. The cells of the grafts were of mouse 
origin, chicken lymphocytes being visible only at the 
periphery of the grafts. 

Other experimental conditions allowed, for 
mouse thymic epithelium and chicken nine-day 
bursal mesenchyme to fuse on filter membranes. All 
cultures, after five days demonstrated presence of 
lymphatic cells and in all cases the lymphatic cells 
were predominantly of mouse origin. Finally, 
Auerbach concluded: "The studies demonstrate that 
lymphoid tissue of the developing thymus originates 
in the epithelial component of the early thymic 
rudiment." Auerbach's observations did not, 
however, exclude the possibility that lymphocyte 
precursors or lymphoid stem cells might have 
already penetrated the epithelial thymic rudiment 
before it was explanted in vitro and in vivo. 
Additionally these experiments represented in vivo 
and in vitro results to the authors, supporting the 
"pure transformation" of RE cells into lymphatic 
elements in the middle of the 20th century. After all, 
we are not surprised that Tachibana and co-workers 
(155, 156) described the "transitional forms" 

between epithelial cells and lymphoblasts in detailed 
cytological studies of serial sections on mouse and 
chicken embryonal thymuses. During the 



transformation, there is an increase in cellular and 
nuclear size, a reduction in the amount of rough 
endoplasmic reticulum, an increase in the number of 
polysomes and frequently an enlargement of the 
Golgi apparatus. The most important histogenetic 
note: "Desmosomes are often seen between 

lymphoblasts and adjacent epithelial cells but are 
also present between the lymphoblasts. Desmosome- 
gearing transitional forms between epithelial cells 
and lymphoblasts can be recognized. In the 
developing chicken thymus as well it is possible to 
follow the process of the development of epithelial 
cells comprising the thymic primordium into 
lymphoblasts or lymphocytes on the basis of the 
presence of desmosomes and the increase and 
decline of cytoplasmic organelles." 

By experiments carried out in chicken embryo, 
Moore & Owen (157-159) demonstrated the 
vascular immigration pathway of chromosomally 
labeled lymphoid stem cells invading the thymus in 
seven to eight day old embryos. According to them, 
the thymus receives an inflow of lymphoid stem 
cells, presumably originating from the blood islets of 
the yolk sac, which proliferate and differentiate into 
thymocytes after reaching the thymus (see Fig. 1 to 
Fig. 5) (160). 

Le Douarin (161-165) devised a biological cell 
marking technique, which can be employed in the 
study of the embryological histogenesis of the 
thymus, during cell immigrations. Her 
embryological implantation technique, was based on 
structural differences in the interphase nucleus of 
two species of birds the Japanese quail (Cotumix 
coturnix japonica) and the chicken (Gallus gallus). 
In the first, a large amount of heterochromatic DNA 
is associated to the nucleolus, resulting in a 
hypertrophy of this organelle. This feature is not 
usual in birds or mammals, especially not in the 
chicken (the chromatin is dispersed in the 
nucleoplasm with some small chromocenters and 
participates only little to nuclear structure). Using 
these heterospecific combinations between quail and 
chicken thymic rudiments, the respective 
contribution of endodermal epithelium, thymic 
mesenchyme and eccentric hemopoietic stem cells to 
the histogenesis of the thymus were studied. It has 
been possible to investigate in these observations the 
chronology of the pluripotent hematopoietic stem 
cell inflows in the thymus during development. The 
lateroventral wall of the embryonic pharynx from 
quail embryos at 15-30 somite stages (after 
treatment with trypsin) were transplanted in the 
sometopleura of a 3-3.5 day old chicken between 
anterior and posterior limb buds. The transplants 
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were in contact with the sometopleural mesenchyme, 
which participate to thymic histogenesis, the 
stimulating influence on growth and differentiation. 
The host embryo was sacrificed 12 days after the 
transplantation procedure. It was demonstrated that 
the whole lymphoid population of the thymus is 
derived from immigrant hematopoietic stem cells, 
which are chemically attracted by the endoderm of 
the third and fourth pharyngeal pouch (Le Douarin 
& Jotereau, 1975). The lymphoid population of the 
thymuses should be of host origin when they have 
been transplanted before the normal time of 
hematopoietic stem cell invasion from the yolk sac. 
On the contrary, if they are taken after the stem 
inflow, donor type lymphocytes can be found in the 
developing thymus. Moreover, with the evaluation 
of the proportion of host and donor lymphoid cells is 
a permanent or transitory process during 
morphogenesis may be determined. In the first 
experiments (transplantation of quail thymus 
rudiments into chicken), the lymphatic cells 
remained of host origin, coming from four to five 
days old chicken embryos. If the rudiments are taken 
at five to five and a half days, they contain both 
quail and chicken lymphoid cells. When the 
thymuses were transplanted from six to eight day old 
quail embryos the lymphocytes which they 
thereafter contain were either all, or a large percent 
of quail origin. The transplantation of the chicken 
thymus rudiments showed the same experimental 
results. These results suggested that the lymphatic 
stem cells were present in the thymus from the 
stages of five days in quail and six and a half in 
chicken embryos. This stage coincides with the time 
at which basophilic cells become detectable in the 
thymuses of both species. The most important 
question arose: Whether these cells are the real 
precursors of thymic lymphocytes? Six days old 
chicken thymic rudiments were grafted for three to 
four days into three days old quail embryos. In these 
conditions, the epithelial chicken thymic rudiments 
contained a number of cells with a strongly 
basophilic cytoplasm also showing the quail marker. 

The hypothesis of Moore and Owen (157, 158) 
that the first detectable lymphoid elements of the 
developing thymus are cells with a large nucleus and 
a strongly basophilic cytoplasm is thus confirmed. 
The precise stage of the inflowing of the stem cells 
is relatively short, about 24 hours in the quail 
(during the sixth day of incubation) and 36 hours in 
the chicken (during the second half of the seventh 
day and the whole eighth day of incubation). 
However, stem cells with a capacity to differentiate 
into thymic lymphocytes were searched for in the 



embryo at stages before and after that of the normal 
thymic invasion. In order to know whether thymic 
lymphocyte stem cells are present in the embryo the 
following experiment was carried out: thymic 
rudiments were dissected from a four day old quail 
and grafted for two days in a three day old chicken 
somatopleura and then retransplanted into a three 
day old quail for eight days. In these cases, the 
lymphatic population of the thymic tissue showed 
the characteristic nuclei of the chicken, while RE 
cells and connective tissue elements belonged the 
quail species. These results demonstrated that stem 
cells able to respond to thymic endoderm attraction 
(humoral chemotaxis) and induction are available in 
the embryo as soon as the fourth day of incubation. 

Clearly, thymic lymphocytes of the leopard frog 
(Rana pipiens) are derived from immigrating, 
committed, lymphopoietic stem cells (extrinsic 
hypothesis) rather than from lymphoid cells 
indigenous to the thymus. This thesis in amphibians 
has gained strong support from experimental 
observations in an urodele (166, 167) and two 
anuras, Xenopus (168-170) and Rana (171, 172). 
The results of the Volpe's group demonstrated: 

1. localization of stem cells in the region of the 
developing thymus does not occur until after 
120 hours of embryonic differentiation; 

2. immigration of stem cells takes place after the 
establishment of full body circulation; and 

3. most likely occurs concomitant with the 
differentiation of the thymus as an 
independent organ; 

4. stem cells most likely immigrate during a 

developmental period between 200 and 300 
hours after fertilization at 18 °C. Volpe (171, 
172) reported: "The thymic lymphocytes of 
the leopard frog (Rana pipiens) are derived 
exclusively from migratory stem cells that 
enter the thymic rudiment during a 
developmental period when the rudiment 
undergoes definitive, structural 

differentiation." 

The lymphocyte population changes were 
studied also with an autoradiographic experimental 
technique. Borum (173) reported in CBA mice an 
uptake of tritiated-thymidine labeled lymphocytes to 
the periphery of the thymic cortex and to a lesser 
extent to the medulla, using only a single 
intraperitoneal injection. Immediate incorporation 
was seen in the RE cells and in the large and 
medium sized lymphocytes, but not in the small 
ones. As time elapsed more cells became labeled and 
the immigration of labeled cells from the cortex to 
the medulla took place. Autoradiographs of smears 
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of whole thymus revealed that 13% of the cells were 
labeled one hour after the treatment with tritiated- 
thymidine. The percentage of labeled cells increased 
with time and reached a maximum of 37% three 
days after a single dose. Calculations on the basis of 
mitotic counts with and without colchicine 
pretreatment, gave an average mitotic rate in thymic 
cortex of 3.7% per hour, which renders an average 
renewal time of 27 hours by cell division for thymic 
cortex. The straightest interpretation of cell 
movement is that the large and medium sized 
lymphocytes which are generated in the cortex, 
especially in the subcapsular area, immigrate to the 
medulla and leave the organ from there. 
Hemmingsson and Aim (174) had the hemopoietic 
cells of the chicken's yolk sac (16 day old fetus) 
locally labeled with tritiated- thymidine. With 
autoradiographic technique, heavily labeled 
hematopoietic cells derived from the yolk sac were 
demonstrated in the thymus, both in the cortex and 
the medulla, and in the bursa of Fabricius twenty- 
four hours later. The injection of the tritiated- 
thymidine directly into the yolk sac wall resulted 
also in the labeling of the cells outside the yolk sac. 
These immigrant cells might be the precursor cells 
of the thymic and bursal lymphoid cells. The results 
therefore support the hypothesis that the yolk sac is 
the origin of at least some of the cells entering the 
embryonic thymic and bursal anlagen (157-159). 
The experimental injection of in vitro tritiated- 
thymidine labeled cells from the yolk sac and other 
embryonic hemopoietic organs into chicken embryos 
resulted in an accumulation of labeled cells in the 
thymus and the bursa of Fabricius (175). These 
observations suggest that these cells are at home in 
these primary lymphopoietic organs. 

The results of in situ labeling experiments 
demonstrated that this technique may be used to 
detect an inflow of stem cells from the yolk sac to 
the bursa of Fabricius. 

Most of the thymic lymphocytes reside in the 
cortex, which contains a subcapsular band of large 
lymphoblasts and a major population of smaller, 
immunoincompetent midcortical and juxtomedullary 
thymocytes, whereas only 5-10% of the thymic cells 
are immunocompetent medullary thymocytes. The 
humoral regulatory factor for homing, the 
differentiation and maturation of prothymocytes into 
immunocompetent T lymphocytes is presumed to be 
produced by the cells of RE cellular network (see 
Fig. 5 to Fig 7). Previous studies have shown that the 
humoral products (cytokines) of these cells have 
capacity to induce the differentiation of stem cells 
into lymphocytes that bear recognizable T cell 



typical surface antigens in mouse (176-179), and in 
man (180-182). The in vitro studies of the rate of the 
DNA synthesis, as measured by 4 hours tritiated- 
thymidine incorporation assay, indicated that human 
prothymocytes display an active DNA synthesis. 
The studies using mouse bone marrow derived 
prothymocytes (stem cells) suggested that the 
production and proliferation of stem cells that 
precede intrathymic prothymocytes is controlled by 
homeostatic and genetic regulation of lymphopoiesis 
(183-185). 

Sainte-Marie & Leblond (151) found, in young 
adult rats that the cortex is composed of variously 
sized thymocytes and scattered reticular cells. The 
thymocytes showed a well outlined pale blue 
cytoplasm, which varied in amount with the size of 
the nucleus. A frequency curve on randomly 
measured nuclear diameters revealed that the 
diameter of the largest thymocyte was 8.6 pm and in 
the smallest the diameter was 3.5 pm. The curve 
showed dips at 4.6 pm and 5.9 pm. Nevertheless, 
these two values were used as guides to classify 
thymocytes. Those with a nuclear diameter greater 
than 5.9 pm, were called large; those with a nuclear 
diameter less than 4.6 pm, were called small; and all 
of the ones with a diameter between 4.6 pm and 5.9 
pm, were called medium thymocytes. This method 
of defining the thymocytes was practical. The large 
thymocytes (nuclear diameter greater than 5.9 pm) 
usually had a round to oval nucleus with colorless 
sap and prominent chromatin. The range in size was 
wide (5.9 pm to 8.6 pm). These large thymoblasts 
may be seen in a group under the capsule, and the 
members of the group had approximately the same 
size. The medium thymocytes (nuclear diameter 4.6 
pm to 5.9 pm) had lesser cytoplasm and nuclei with 
a more compact appearance than in large. The small 
thymocytes (nuclear diameter smaller than 4.6 pm) 
had a very small amount of basophilic cytoplasm, 
which was hardly visible in sections. The nucleus 
usually round, contained very dark masses of 
chromatin. Degenerating small thymocytes were 
occasionally observed with karyolytic or more 
commonly pyknotic nuclei. The pyknotic figures 
were usually round, regularly outlined and appeared 
uniformly dark, although a pale, eccentric, crescent- 
shaped zone could be seen. Mitotic figures were 
found usually in the peripheral layers of the cortex, 
to the corticomedullary junction, and their frequency 
decreased with the proximity of the medulla. Some 
mitotic figures exhibited the basophilic, well 
outlined cytoplasm. Since the prophases of the cells 
showed the same variation in the amount of 
cytoplasm and in size of nucleus (3.8 pm to 8.8 pm), 
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our opinion is that large, medium, and even small 
thymocytes may enter mitosis. When the thymocyte 
mitosis was classified according to the scale of 
nuclear diameters (the diameters of prophase and 
metaphase nuclei were already measured), 

difficulties arose in the case of anaphase and 
telophase figures. At prophase the cytoplasm was 
unchanged, the nucleus showed prominent 

chromatin dots of uniform size and a lighter sap than 
in the "resting" cells. At the end of this phase, the 
dots transformed into chromosomes. At metaphase, 
the cytoplasm was less blue than at prophase and 
appeared vesicular. Individual chromosomes were 
distinct throughout the metaphase plate in large 
thymoblasts and mainly at the margin in medium 
thymocytes, but made up a compact dark mass in 
small lymphocytes. Equatorial views of anaphases 
showed the two separating groups of chromosomes 
as trapezoids followed by chromosome legs. Polar 
views of anaphases showed the chromosome groups 
as dark rings with a light center and a rugged 
margin. At early telophase, the two chromosomal 
groups were trapezoids as at anaphase, but with no 
chromosomes protruding. In the medulla, almost all 
cells than RE or accessory cells were thymocytes. 
Their nuclei were slightly larger and paler than those 
of small cortical thymocytes and often had an 
irregular shape. Long nuclear processes, often 
containing chromatin were commonly recognized in 
thymocytes migrating through the walls of blood 
vessels. The nucleolus can be demonstrated in 
narrow portions of nuclei. Mitoses of thymocytes 
were found regularly in the cortex in the medullary 
region were few in number. 

Casali and co-workers (186) investigated the 
proliferation and differentiation of thymocytes in 
bursa Fabricii and thymus using cytophotometric 
techniques in White Leghorn (WL) and Red Rhode 
Island (RRI) chickens between 20th day of 
incubation to the 100th day after hatching. It was 
suggested that the cortical thymocytes are different 
from the medullary located ones by means of their 
nuclear volume and nuclear content in DNA, in total 
weight of nucleic acids, and in expressions of 
histone proteins. These differences furthermore 
appear analogous in the organ, independently from 
the fact that she produced precursors of T 
lymphocytes. The cytophotometric techniques 
provide a basic approach to the cell function since 
they quantitate the nuclear components that are 
directly involved in proliferation and differentiation. 
Lymphocyte proliferation and maturation, within the 
bursal and thymic environment has also been 
evaluated in cell kinetic studies (187). Adult 



thymocytes showed a higher nuclear content of 
DNA and total nucleic acids in the cortex than in 
medulla (6.99 resp. 3.60) and in addition, the 
cortical ones had a higher nuclear volume (30.65 
resp. 21.23 pm). The submitted differences observed 
between cortical and medullary thymocytes 
represent the various stages and pathways in the 
process of maturation of the cell types. 



3. ELECTRON MICROSCOPY 

The earliest transmission electron microscopic 
(TEM) investigations of the developed thymus were 
submitted in the 1950s. We can find reports on the 
fine structure of thymocytes in many original works 
(188-190). Murray and co-workers (188) described 
small thymocytes in the cortex of rats, with nuclei 
from 3.5 to 4.5 pm in diameter, and found there are 
in the vast majority. The thymocytes showed a 
primitive, undifferentiated structure. There are no 
protoplasmic bridges between thymocytes and 
reticulo-epithelial (RE) cells. The nuclei in TEM 
contain typical pores and in many cases a clearly 
defined, finely granular nucleolus. The thymocytes 
are closely applied to one another, with a relatively 
uniform intercellular space of approximately 150 A 
where the separation is regular. Occasionally the 
space between the thymocytes might contain profiles 
of cytoplasmic processes of the RE cells. The actual 
shape of a thymocyte profile is round or polygonal 
in response to the pressure of adjacent cells. The 
nuclear diameters (a largely random selection of 
profiles of 1000 cells) show a peak at 3.9 pm and the 
vast majority are below 5.0 pm. In the plasma 
membrane, although minor irregularities were 
observed, no projections which could be classed as 
microvilli were noted. Throughout the cytoplasm of 
the thymocytes, an extensively accumulated finely 
fibrillar component can be found at the plasma 
membrane. The widest component of the cytoplasm 
is an angular granule, which has a very large density 
and measures from 160 to 200 A. From their 
appearance and characteristic distribution, we have 
identified them as ribosomes. 

It appears as if most of the cytoplasmic granules 
in the thymocytes are ribosomes, and that there is no 
clear evidence of the presence of glycogen. The 
endoplasmic reticulum in the thymocytes is 
represented by an occasional cystema studded with 
free ribosomes, and a few scattered vesicles without 
attached ribosomes. In the majority of the cases, the 
nucleus shows a flattening or slight indentation on 
one side, associated with an accumulation of 
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cytoplasm. Almost invariably, this area of the 
cytoplasm demonstrates a so-called grouping of 
membrane-bound vesicles and cystemae (which 
clearly represents the well-known Golgi apparatus). 
The paired membranes have a relatively uniform 
minimal spacing, this lies in the range of 600-800 A. 
Small vesicular components devoid of internal 
content are common, in the range of 800-1000 A, 
with occasional larger ones. In the Golgi region, 
usually on the side toward the plasma membrane, 
one or two centrioles might be found, which show 
the characteristic nine radially arranged triple- 
tubular filaments. Although the mitochondria never 
penetrates the zone of the cell center, they are 
numerous in its immediate vicinity. They are of all 
shapes, but near-circular profiles are in the large 
majority. They may be as long as 2 pm, very rarely 
appear branched, and measure about 0.25 pm in 
their shortest dimension. As many as twelve have 
been counted in one cell. Between the usually 
transversely oriented cristae, there is a moderate 
density consisting of vague, amorphous or finely 
fibrillar material, much like that recognized in the 
cytoplasm. 

Raitsina and Kalinina (191) investigated the 
thymocytes of human fetuses by TEM. The 
thymocytes of 7.5-8 weeks old fetuses showed that 
the cells contained irregularly shaped or round 
nuclei with 1-3 nucleoli and that heterochromatin or 
compact chromatin was not present in the nuclei of 
97-97.4% of the cells. The electron-dense cytoplasm 
of these cells contained a few number of 
mitochondria and many polysomes. Most of the cells 
had cytoplasmic outgrowths. Thymocytes of this 
stage had virtually no receptors for SRCB and the 
number of rosette-forming cells (RFC) did not 
exceed 4% and averaged 1.3%. In all dilution tested 
the antiserum had no cytotoxic action on these 
thymocytes. Thymocytes from 9-10 week human 
fetuses were almost indistinguishable in structure 
from thymocytes from 7.5-8 week fetuses. A few 
clumps of chromatin could be seen in the nuclei near 
the nuclear membrane, but the number of RFC in the 
thymus averaged 23%, and 24% of the cells were 
lyzed by antiserum in a dilution of 1:10. Thymocytes 
of 11-12 week fetuses were reduced in size, they 
were rounder in shape, and regions of compact 
chromatin (granules near the nuclear membrane) 
appeared in the nuclei of 90-97% of the cells. The 
nucleoli were reduced in size, the outgrowths 
disappeared and the number of polysomes was 
reduced. Rosettes with SRCB were formed by 79% 
of the thymocytes and 60% of these cells were lyzed 
by antiserum in a dilution of 1:10. The thymocytes 



of 17-24 week old fetuses were small, with a narrow 
rim of electron-dense cytoplasm, containing a few 
mitochondria and polysomes. Compact chromatin 
occupied a large part of the cell nuclei, in which it 
formed a curious and complex pattern. Receptors for 
SRBC were found on 80% of the thymocytes, and 
70% of the cells were lyzed by antiserum in a 
dilution of 1:10. This investigation suggested a clear 
and regular order of development and maturation of 
the thymocytes during thymic histogenesis. The 
stem cells (enter the thymus of 7.5-8 week fetuses) 
are characterized by absence of compact chromatin 
in the nuclei and of T-antigen and receptors for 
SRBC on the cell surface. 

In his systematic study of the thymic 
histogenesis in human fetuses, Haar (192) described 
large thymocytes with irregular shapes and often 
presented blunt pseudopodia-like cytoplasmic 
processes or more slender cytoplasmic extensions. 
They also often possessed numerous elongated 
mitochondria, a large Golgi complex, and a strongly 
basophilic cytoplasm. However, these large 
thymocytes were not attached to the RE cells by 
desmosomes, although some of the cytoplasmic 
processes from them were in association with 
extensions from the RE cells. The medium sized 
thymocytes were round at all stages and had fewer 
mitochondria than the large ones. The large 
thymocytes had only occasional short profiles of 
rough endoplasmic reticulum and a nucleus with a 
fairly dense band of chromatin. These cells are 
mostly found near the outer surface of the thymus 
and are separated from the basal lamina by only a 
thin projection of cytoplasm from a RE cell. 

A topographic correlation between the blood 
vessels, RE framework and lymphoid cells of the 
thymus is essential for a better understanding of the 
maturation processes and the migration of 
thymocytes. The use of the scanning electron 
microscope (SEM) permits the visualization of the 
HBs (Fig. 16) and the three dimensional complexity 
of the supporting framework (193). The thymus, of 
rat, consists of three parts: 

1. an outer cortex containing mainly lymphoblasts 
(large thymocytes); 

2. an inner cortex showing mainly small 
thymocytes and 

3. the medulla, characterized by numerous RE 
cells. 

The cortex of the thymus is supplied by arcades 
of capillaries, which at the corticomedullary junction 
are connected to postcapillary venules and arterioles. 
The vascular supply of thymus was studied in detail 
by Raviola and Kamovsky (194). Capillaries arising 
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from the arterioles at the boundary of cortex and 
medulla ascend into the cortex, undergo branching, 
and finally, curve back toward the medulla to join 
the postcapillary venules. The thymoblasts form a 
layer three to four cells thick. These cells have an 
average diameter of 7 pm (7.164 +/- 0.278). The 
nucleus is round, with a diameter of 4.7 pm (4.73 +/- 

0.5794). There is a clumping of heterochromatin 
near the membrane. The rest is filled mainly with 
euchromatin. One or two nucleoli were present and 
the cytoplasm contains numerous free ribosomes, 
which often form aggregates (groups). The majority 
of them appear as polyhedral smooth surfaced cells 
and do not show any surface variations in different 
regions (195). The cell surfaces in the medulla are 
relatively variable with regards to their shape, slight 
undulations, short protuberances or pseudopods. 
This pheomorphism which might be indicative of 
motility is often observed, especially in the areas 
adjacent to the postcapillary venules. Thymocytes 
are demonstrated in all three parts of the thymus, 
naturally, mainly in the inner cortex. They have an 
average diameter of 5 pm (4.957 +/- 1.684). The 
slightly indented nucleus, with a diameter of 3.3 pm 
(3.83 +/- 0.006), contains a large amount of 
heterochromatin, which accounts for the electron- 
dense appearance of the nucleus. Very few profiles 
of rough endoplasmic reticulum and few 
mitochondria are present. These cells by SEM have 
partly smooth surface. In the postcapillary venule, 
the thymocytes (mature, immunocompetent T 
lymphocytes) are frequently seen migrating through 
the endothelial wall, reentering the peripheral blood 
circulation. An observation of this process of 
migration indicates that the thymocytes follow an 
intercellular pathway by squeezing in between and 
pushing apart the adjoining endothelial cells. 
Microvilli or other surface specializations become 
evident as soon as the progressing regions of the 
thymocytes appear in the capillary lumen. In the 
human material of Bhalla and Karnovsky (195) only 
19% of the migrating T lymphocytes had microvilli. 
It has also been suggested that T and B cells can be 
distinguished morphologically only by their surface 
structure (196). The development of villous surface 
can be also a result of biochemical activation 
processes. Stinson and Glick (196), using SEM, 
studied lymphocytes from the bursa, spleen and 
thymus in 2-7 weeks old chickens. The results were 
scored as presence of rough (villous), intermediate 
or smooth lymphocyte surface. In contrast to other 
systems, both T and B lymphocytes in the chicken 
belonged to the smooth type, regardless of the tissue 
origin and the age of the bird (thymus -98%; bursa - 



96%; spleen - 95%). Virtually no cells with rough 
surface were observed in the thymus (only 
approximately 1%). It is known today that only SEM 
investigations cannot distinguish between T and B 
lymphocytes. 



4. INTRATHYMIC IMMUNOLOGICAL 
MATURATION OF LYMPHOCYTES 

Studies of the last two decades, particularly in 
mice have clarified certain main aspects of thymic 
ontogenesis and the role of the thymus in the 
generation of functional T lymphocyte subsets (141, 
142, 197, 198). It has been an attractive postulate, 
that the so-called "thymic hormones", produced by 
the RE cells, have influence on the thymocyte 
maturation by direct cell to cell, receptor to receptor 
contacts (199-202). The symmetrical cell interaction 
system as a model for the T cell development, also 
cooperated with the MHC regions and their 
products, may be postulated: 

1. Different MHC regions in the "inducer, 
accessory cells" as well as specific and non- 
specific humoral factors can regulate the intra- 
and extrathymic T lymphocyte histogenesis, and 
that such signals are necessary for functional 
differentiation of T lymphocyte subsets; and 

2. the "inducer" cells can impart three types of 
signals: one for irreversible commitment to the 
T cell lineage, second for the elaboration of the 
appropriate dictionary of cell interaction 
molecules and the third one for specialization 
into a determined subclass of T lymphocytes. 
The first two signals are intrathymic events 

(142). Recent results suggest that the immature 
thymocytes "learn" to recognize the MHC antigens 
within the thymus and during the process of 
differentiation into mature, immunocompetent T 
lymphocytes, having arrived at the periphery or 
secondary lymphatic organs. The thymocytes in the 
cortex and medulla show different features (203). 
The medullary cells are highly immunocompetent 
and similar to peripheral T lymphocytes (204, 205). 
In contrast, the cortical thymocytes are 
immunologically incompetent, express cell surface 
antigens not found on other cell types (TL antigen in 
mouse, HTA-1 in man and CD-differentiation 
antigens) (204, 205) and contain a nuclear DNA 
polymerase enzyme, terminal deoxynucleotydil 
transferase-TdT (206, 207). TdT adds nucleotides to 
single stranded DNA and many contribute to 
thymocyte differentiation or even to diversification. 
During fetal thymus organogenesis there is a 
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spectacular increase in this enzyme's activity in 
calves, chicken, rat, and mice (206, 208, 209). In 
normal children, Janossy and co-authors (46) 
investigated the presence of the TdT with 
immunoperoxidase technique. In the cortical areas, 
60 to 85% of the thymocytes showed nuclear TdT. 
Very few number of cells had TdT localized in their 
cytoplasm. These seemed to be dividing lymphatic 
elements. In contrary, only 3% of the medullary 
thymocytes expressed nuclear TdT. A note: the 
abundant non-lymphatic cell populations were TdT 
negative. In contrast to thymocytes, all of the 
lymphocytes in the control human tonsils were TdT 

negative and these results were also reflected in 

8 8 
biomedical assays (57 units/10 and 0.1 units/10 

resp.). Further, these TdT positive thymocytes were 
analyzed in smears (in suspension) with a 
monoclonal antibody (NA 1/34) to HTA-1, a 
membrane antigen, typical for the thymocytes in 
cortex. Both, membrane HTA-1 and nuclear TdT 
were expressed in more than 65% of the thymocytes 
(TdT + , HTA-1 + cells). Only 1 to 3% were TdT and 
HTA'l" thymocytes; frequently these were larger 
cells with an oval-shaped nucleus and one nucleolus. 
These cells stained with Giemsa, had a dark blue 
cytoplasm, which is in contrast to the pale 
cytoplasmic staining of the small thymocytes. A 
somewhat larger proportion (5 to 10%) of the 
thymocytes were TdT", HTA-1 and 10 to 20% of 
the population (the bulk of the medullary 
thymocytes) was TdT", HTA-1". Our conclusion is 

that the majority of the cortical thymocytes in the 

+ + 

child thymus are TdT , HTA-1 , whereas most 
medullary thymocytes are TdT", HTA-1". 
Monoclonal antibodies to HLA-A, B, C antigens (W 
6/32 and 34/28) labeled a minor proportion (10 to 
17.5%) of thymocytes, which did not stain for 
nuclear TdT. In addition, the Ia-like antigens were 
undetectable on human thymocytes and that HLA-A, 
B, C antigens were detectable on medullary, but not 
on cortical ones. Janossy (46) in his observations on 
the ontogeny of the human thymus had analyzed 
fetal thymuses (at 14, 17, 21 and 22 weeks of 
gestation) by immunohistology. The tissue 
architecture of the thymus lobe earliest studied in 14 
and 17 week old fetuses already showed the 
characteristic demarcation between cortex and 
medulla. In these cases more than 50% of fetal 
cortical thymocytes expressed HTA-1 antigen (but 
the staining intensity was lower than on infant ones) 
and was a characteristic for small thymocytes. The 
medullary thymocytes were always HTA-1". 
Nevertheless, in the biochemical essays very low 



TdT values were measured (0.0 to 1.1 units/10(8) 
cells). Similarly, the thymic tissue demonstrated no 
presence of TdT in 14 week old fetus. At the 
prenatal age of 17 weeks more TdT + cells were 
detected in the thymus (10-15% were small 
thymocytes). Certainly, these cell suspensions from 
fetal thymic tissue contained a higher percentage 
(15-40%) of large thymoblasts, than the samples 
from child thymus (1-3%). These blasts 
demonstrated dark blue cytoplasmic staining after 
Giemsa and reacted with anti-HuTLA serum. On the 
other hand, the large thymoblasts had an 
unremarkable phenotype, lacked detectable TdT, 
failed to stain with anti-la-like sera and the anti-ALL 
antiserum, and showed no or only weak reactivity 
with monoclonal antibodies to HTA-1 antigen and to 
a human leukocyte antigen (HLe-1) (210, 211). It is 
also interesting that considerable numbers (about 
5%) of TdT , HTA-1 cells could be detected in the 
medulla. These represent thymocytes of cortical 
origin, migrated in the medulla during their 
maturation, and leave the thymus through the 
postcapillary venules, present in the cortico- 
medullary boundary as has been suggested in mice 
(212, 213). Cytotoxic depletion studies with anti- 
Lyt-1, anti-Lyt-2, and anti-Lyt-3 antisera in mouse, 
demonstrated that the functional mouse T cell 
subpopulations are different in their expression of 
these surface antigens (214). 

Mouse helper T cells were reactive to MoAB 
anti-Lyt-1 (human with MoAB anti-Leu 3/a + 3/b) 
whereas mouse suppressor and cytotoxic T cells 
could be depleted only with MoAB anti-Lyt-2 or 
anti-Lyt-3 (197,198) (human with MoAB anti- Leu 

2/a). Thus, the helper T lymphocytes were classified 

+ 

as Lyt-1 , Lyt-2", Lyt-3" and the suppressor and 

+ + 

cytotoxic T cells as Lyt-1", Lyt-2 , Lyt-3 . In 
contrast immature T lymphocytes were sensitive to 

depletion by all three antisera, and were therefore 

+ + + 

classified as Lyt- 1 , Lyt-2 , Lyt-3 . These latter cells 
were present in 50% of the T cells in the adult 
spleen, but almost 1 00% in spleens from seven days 
old mice (197, 198). With quantitative of these 
antigens on lymphocyte subpopulations by 
flourosence-activated cell sorter (FACS) in adult 
mice, showed that Lyt-1 is present on all 
lymphocytes and surprisingly showed that Lyt-1 is 
also found on essentially all peripheral T cells. 
Therefore, it established Lyt-1 as a quantitative 
rather than a qualitative marker for distinguishing 
functional and maturational T cell subpopulations. 
Lyt-2, in contrast, was shown to be present on fewer 
peripheral T lymphocytes and was demonstrated on 
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most thymocytes (215). Thus, it remains as a 
qualitative marker for a T cell subpopulation in the 
periphery and because its higher frequency in the 
thymus, as a marker for distinguishing immature 
from mature T cell populations during 
organogenesis. Lyt-3, which is located on the same 
surface macromolecule as Lyt-2 (216), constitutes a 
second determinant, marking the same populations 
of the thymocytes. 

The adult thymus contains a medullary 
subpopulation, resistant to hydrocortisone depletion, 
which is believed to be mature and to include cells 
that will emigrate and contribute to the peripheral T 
cell pool (212). On average, this population has less 
surface Thy-1 and more surface Lyt-1 than the 
thymocytes in cortex (217). In the thymus, the 
thymocytes can also be divided in optimal 
conditions into functional subclasses of T 
lymphocytes having a wide repertory of antigen 
specificity (197, 198). The serological analysis has 
revealed that this process involves a number of 
marked changes in surface antigens except for the 
so-called TL system and are quantitative rather than 
qualitative features (218, 219). 

Kasai and co-workers (220) reported that the 
majority of the cells from the mouse fetal thymus 
(from 13th day of gestation) were brightly stained 
with fluorescein isothiocyanate (FITC)-conjugated 
Dolichos biflorus agglutinin (DBA) lectin and the 
proportion of such cells drastically decreased with 
the increase in gestation time (13th day-92%; 14th 
day-76%; 16th day-41%; 18th day-7%). Unlike 
other T cell antigens, the DBA receptor is not 
expressed on cells of adult lymphoid tissues. 
Therefore this antigen was provisionally called "fetal 
thymus antigen" (FT-1). A small percentage of FT-1 
positive cells still remained in the thymus of 
neonatal mice, but is almost completely absent from 
that of adult mice (7-8 weeks old). The molecular 
weight of this new surface antigen is 130 kD and 
chemically is a glycoprotein, examined by two- 
dimensional gel electrophoresis. 

Bodey (221) investigated the differentiation and 
homing properties of pre-thymocytes and 
thymocytes in human fetuses during the prenatal 
ontogenesis. In the early stages of the organogenesis, 
we can call all the presenting cells as stem cells, 
which as early as during the 8th fetal week migrate 
into the thymus. Through immunofluorescent and 
immunocytogenetic methods with monoclonal 

antibody libraries, we clearly proved the surface 

+ 

antigen fonnation of T-10 cells, the so-called pan 
thymic cells and only such cells were present 
between the 8th and the 12th weeks of the prenatal 



development. During the fast fetal changes of the 
third lunar month, the formation of the thymocyte 
subpopulations already began. The definite tendency 
and pathway of T lymphocyte maturation is directed 
from the cortex to the medulla. In the thymic cortex 
the following T lymphocyte subpopulations are 
mainly present, demonstrating the heterogeneity of 
surface antigen distribution: T-helper (with the 

typical CD4 , CD8"), T-suppressor (CD8 , CD56") 

+ 

and T-cytotoxic cells (with the selective CD8 , 
CDll/b), investigated in detail by Reinherz and 
Schlossman (222) and "dissected" by Lanier (181, 
182), using four-color FACS analysis and different 
fluorochrome conjugated Becton-Dickinson 
MoABs. 

It has long been known that malnutrition often 
results in zinc deficiency and that the biologically 
active form of thymulin, formerly called "facteaur 
thymique serique" or FTS, a thymic hormone 
requires presence of zinc. Zinc was identified in 
secretory granules associated with cytoplasmic 
vacuoles in thymic RE cells. Zinc is an essential 
component of over 200 enzymes, it is required for 
all DNA- and RNA-polymerases, and Zn- 
metalloenzymes all being participants in replication 
or repair of DNA. Mitotic activity in the thymocytes 
is increased when either calcium or magnesium is 
elevated in the cellular microenvironment. 
Parathyroidectomy results in the abolition of 
fluctuations in plasma level of calcium and cell 
mitosis, causing severe thymic atrophy. Enhanced 
epithelial growth and an increase in the number of 
macrophages was detected in thymic cultures with 
the addition of glutarine (a parathyroid hormone) to 
the culture medium. Recently calcitrol (biologically 
the most active metabolite of vitamin D), has been 
investigated to inhibit IL-1 and IL-2 dependent 
thymocyte proliferation. The IL-2R bearing 
thymocytes are the intrathymic stem cells. 

Numerous mesenchymal cells around the 
primary (early) thymic anlagen and the connective 
tissue cells that form the primitive capsule and 
septae within the organ were demonstrated to 
originate from a well developed neural crest (223- 
227). Since this special, embryonal type 
mesenchyme derives from ectoderm, it is referred as 
ectomesenchyme in the International Histologic 
Nomenclature (IHN). The neural crest, through 
formation of the thymic ectomesenchyme, and 
through production of local, in situ acting growth 
factor(s), probably before the secretion of an 11 kD 
chemotactic factor (thymotaxin), monitors the 
maturation and differentiation of epithelial and 
connective tissue components of the early thymic 
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microenvironment (31-33, 54, 70, 71, 228-235). 
Interestingly, later the in vivo route of entry for pre- 
T stem cells is via the highly vascularized cortico- 
medullary junction, using special homing receptors, 
adhesion molecules for better contact to the 
endothelial cells and integrin molecules like 
addressin or ICAM-1 (LFA-1), L-Selectin, also s.E- 
and s.P-Selectin and VCAM-1 (VLA-4) related 
structures. In the second step, the hematopoietic 
cells migrate to the subcapsular thymic 
microenvironment. The integrins a 4 (3i and a 5 and (3, 
are able to induce a dependent proliferation (236). 

+ + 

Major portion of double positive (CD4 and CD8 ) 
human thymocytes express a 4 (3i integrin in active 
form. These integrin molecules are also involved in 
cellular traffic and positive intrathymic selection of 
T lymphocytes. 

As was mentioned earlier the tissue composition 
of the "first" large blood vessels of the thymus, 
which appear at the embryonic length of 20-30 mm 
except for the endothelial cell layer, are also of 
ectomesenchymal, i.e. neural crest origin. 



5. THE THYMUS AS THE KEY ORGAN 
OF IMMUNO-NEUROENDOCRINE 
REGULATION 

Complex endocrine relationships exist between 
the thymus, hypothalamus, pituitary and ovaries. 
Experimental or spontaneous, neural crest ablation 
early during the ontogenesis, always resulted in 
abnormal thymic organogenesis, and also 
abnormality within the heart, the position of great 
vessels, thyroid, and parathyreoid histogenesis 

(237) . An interesting association of immune- 
neuroendocrine regulatory is seen in the mouse 
mutation "staggerer" in which defective cerebellar 
ontogenesis results in defective thymic histogenesis 

(238) . The neuropeptides oxytocin (OT) and 
vasopressin (VP) are under the regulatory control of 
two independent genes expressed in the 
magnocellular neurons (MN) of the hypothalamus 
and they are produced in the neurosecretory cell 
granules of the paraventricular and supraoptic region 
nuclei (55, 228-231, 239-244). Earlier thymic 
studies defined a subcapsular A 2 B 5 + and Thy-1 + 
endocrine RE cell or nurse cell subpopulation within 
the cortical RE network. Thymic stromal elements 
possess an anterior pituitary hormone-stimulating 
activity (245). In our immunocytochemical studies, 
human postnatal thymic RE cells, located under the 
capsule (outer cortex) and in the medulla also 



demonstrated presence of UJ13/A, UJ127.il, 
UJ167.il and UJ181.4 early neuroectodermal 
(adhesion) antigens. In recent study, Nagano and 
Kelly (246) observed the tissue distribution the short 
and long forms of rat prolactin receptors. The thymic 
RE cells expressed both types of prolactin receptor 
and the expression was clearly regulated by the 
hormonal environment associated with the oestrus 
cycle. IL-1 immunoreactivity, presence of OT-like 
peptides and neurohypophysial activity in the RE 
stromal cells were further discovered. The co- 
existence of OT and VP secretion in the same RE 
cells in the thymus is in sharp contrast to the 
organization of hypothalamo-neurohypophysial 
system, where VP- and OT-containing neurons are 
separate. IL-1 may regulate the release of OT and 
VP like peptides. The physiologic action of OT- and 
VK-like peptides within the thymus remains to be 
defined. Thus, OT and VP are capable of replacing 
the IL-2 requirement for interferon y (IFN-y) 
production in vitro (37, 67, 79, 247-249). 

The cytokine, IL-1 was detected as an 
endogenous pyrogen, a macrophage product that 
stimulates thymocyte proliferation, activates B 
lymphocytes, release of soluble ICAM-1 adhesion 
molecule and mediates a wide range of 
inflammatory effects. Within the CNS IL-1 also 
exerts a number of effects including modulation of 
slow wave sleep, food intake regulation, analgesia, 
corticotropin-releasing factor production and 
stimulation of growth in astroglial cells. 

There is also experimental evidence, 
demonstrating that the gonadotropin releasing 
hormone (GnRH) is involved in modulating the 
cellular immune system functions (250). Absolute 
levels of intrathymic T lymphocytes, CD8 1 cells, 
CD4 and CD8 expressing immature cells and other 
immature T cell subsets, differentiating toward CD4 
were significantly reduced two weeks after agonist 
treatment in slow release microcapsule formulation. 
Single i.m. injection of agonist decreased both 
absolute and relative thymic weights and the 
absolute thymocyte counts (250). 

Recently a new thymus-neuroendocrine-liver 
pathway is proposed for maintaining the body 
homeostasis (251). Thymectomy in adult male rats 
resulted in a decrease of liver microsomal 
cytochrome P-450 and aminopyrine-N-demethylase 
activities. There was a decrease in hypothalamic 
luteinizing hormone-releasing hormone (LHRH), 
plasma luteinizing hormone (LH) and testosterone 
levels. Supplementation of testosterone propionate 
restored the normal levels of the above mentioned. 
In female thymectomized rats increase of liver 
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malondialdehyde (MDA), accompanied with 
decrease of liver superoxide dismutase (SOD) and 
glutathione (GSH). There was also a decline of 
fluidity and calcium ion uptake in liver microsomal 
and mitochondrial membranes, in the levels of 
hypothalamic LHRH and the plasma estradiol. 
Administration of estradiol benzoate eliminated all 
symptoms. 



6. IMMUNO-ONTOGENESIS 
LYMPHATIC STEM CELL 
MIGRATION TO THE THYMUS 

In humans, pluripotent stem cells, capable of 
colonizing the thymus, emigrate from the yolk sac 
(until day 60), from the fetal liver (between days 50 
and 150) or from the bone marrow (after day 79 of 
prenatal development). The RE cells at this stage 
also produce two or more additional thymic 
peptides: thymosin a-1 and thymosin (3-4 (9, 37, 
252). Thymosin a-1 (Ta-1) is the first biologically 
active peptide to be isolated from thymosin fraction 
5. Ta-1 is an acidic peptide, which contains 28 
amino acid residues, with a molecular weight of 
3108 daltons. It has been demonstrated that this 
thymic hormone increases the mitogenic responses 
of thymocytes and the production of interferons, 
lymphotoxin and tumor necrosis factor (TNF), 

stimulates antibody production, and augments the 

+ + 

development of a Thy-1 , Lyt-1,2,3 cell clone. Ta- 
1 also induces the differentiation of CD4 
(helper/inducer) lymphocytes. 

Thymosins - f.e. thymosin (3-4, with a molecular 
weight of 4963 daltons, has been demonstrated to 
induce expression of terminal deoxynucleotidyl 
transferase in TdT-pro thymocytes and stem cells in 
the bone marrow both in vivo and in vitro. 

Thymopoietin, an another thymic polypeptide 
was isolated by its neuromuscular effects, in 
electromyographic assays. Even in small quantities 
(4 ng/mouse), this polypeptide showed its potent 
action. It has later been shown that the biologic 
activity of thymopoietin resides in the pentapeptide 
Arg-Lys-Asp-Val-Tyr, corresponding to residues 32- 
36 (TP 32-36) and was named thymopentin or TP-5. 
TP-5 has been shown to enhance several T 
lymphocyte functions in vivo: 

1. rejection of 3LL carcinoma cells; 

+ 

2. generation of CD8 , cytotoxic T lymphocytes; 
and 

3. elimination of autoreactive T cells. 



Thymulin, is a well-defined nonapeptide thymic 
hormone, initially isolated from porcine serum and 
later from human and calf. The thymic humoral 
factor (THF) is an another polypeptide, with 
molecular weight below 3000 daltons. Its 
administration to humans with immunodeficiencies 
has been shown to restore cellular immune reactions. 
It has been defined that during its action, THF 
involves a mandatory rise in cellular cAMP levels. 



7. CELLULAR NETWORK 

COMBINATION INFLUENCES 
DETERMINE THE THYMIC 
MICROENVIRONMENT 

Normal T lymphocyte maturation requires an 
extremely heterogeneous cellular, rich, functional, 
humoral and molecular biologically well coordinated 
intrathymic microenvironment (11-13, 25, 38, 39, 
46, 62, 63, 68, 69, 87, 89, 114, 118, 135-137, 140, 
249, 253-271). The microenvironment includes all 
types of thymic cells: RE cells, macrophages 
(extrinsic/intrinsic), fibroblasts, dendritic cells (DC), 
Langerhans cells (LC), interdigitating cells (ID), and 
various caliber vascular endothelial cells, involved 
in complex cell to cell biochemical and immuno- 

humoral interaction with one another. Thymic MHC 

+ 

restricted, CD4 dendritic cells population was 
detected employing immunofluorescense and flow 
cytometric techniques (272). These dendritic cells 
were efficient stimulators of allogenic T cells. 

As was already mentioned, the RE network is 
composed of heterogeneous in function and surface 
IP profile cells. The genetically determined changes 
of the thymic microenvironment appear during the 
embryonal, very early stages of human ontogenesis. 
Haynes (257) described an A2B5 , Thy-1 , UJ13/A , 
UJ 127.11 subcapsullarly located RE cell 
subpopulation, tenned endocrine RE cells. Several 
research groups such as Haynes (62, 63, 257-259), 
van Ewijk (265, 273) and van Vliet (274, 275) 
separately developed libraries of mouse anti-human 
monoclonal antibodies (MoABs), which reacted 
positively with the non-lymphatic, RE cells of the 
thymic microenvironment: from the laboratory of 
Haynes: TE3 for cortical RE cells and macrophages; 
TE4 for detection a subcapsular and medullar 
subpopulation of RE cells; TE7 against mesodermal 
derived fibrous connective tissue elements; TE8 for 
the cells forming the outer cell layer of HBs and 
detecting the same antigen on cells located in the 
granulosa cell layer of epidermis; TE15 detecting 
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cells from the inner cell layer in HBs; and TE19 
stained the antigen on cells surrounding the HBs. 
The MoABs also reacted positively with numerous 
cells of astrocytomas and primitive neuroectodermal 
brain tumors (medulloblastomas-PNETs) during the 
systematic cell surface and cytoplasmic antigenic 
distribution screening of primary childhood brain 
tumors (25). A shared antigen expression between 
the thymic RE cells and primary neuroectodermal 
brain tumor cells is an embryologically and tumor 
biologically important possibility. During the same 
experiments, postnatal thymic tissue was used as 
negative tissue. 

A study and review by Kampinga and co- 
workers (276) defined the presence of two distinct 
IP for differently located rat RE cells in the cortex 
and in the subcapsular region/medulla judged by the 
binding patterns of three MoABs (HIS 37, 38, and 
39) and introduced a nomenclature for the main cell 
types of the thymic microenvironment. The 
designation Clusters of Thymic Epithelium Staining 
(CTES) included the following groups of MoABs: 

- Group 1) PAN - these MoABs label all RE cells; 

- Group 2) these MoABs bind to 
subcapsular/perivascular and medullary located RE 
cells, including the HBs. The subcapsular cell 
clone can be defined with thick or thin 
immunocytochemical staining; 

- Group 3) PAN CORT. -these MoABs label the 
whole cortical RE network. This group was 
subdivided into: 3 A - cortical RE cells only; 3B - 
cortical and small subset of medullar RE cells; 3C 
- cortical RE cells and subset of leukocytes, which 
was further subdivided into: 3C1 - cortical RE 
cells and macrophages or IDC; 3C2 - cortical RE 
cells and thymocytes; 

- Group 4) PAN MED. - these MoABs label all 
medullary located RE cells and the HBs; 

- Group 5) these MoABs predominantly label the 
Hassall bodies. This group is subdivided into: 5A - 
PAN HB - only HBs are labeled; 5B - HBs and 
myeloid cells (probably equivalent of CD 15); 5C - 
HBs and associated medullar RE cells; 5D - HBs 
and associated medullar RE cells and a subset of 
leukocytes; and 5E - HBs and associated medullar 
and subcapsular RE cells. 

RE cell surface IP characterization with mouse 
anti-human, anti-keratin MoABs, developed against 
keratin, a cytoskeletal protein present predominantly 
in epithelial tissues: Colic and co-workers (277) 
subdivided the thymic RE cells using double 
immunostaining with a panel of 13 MoABs, raised 
against thymic RE cells and cells of the mesodermal 
stroma. RE cells were identified with anti-human 



keratin MoABs. The non-lymphatic cellular 
microenvironment was subdivided into five distinct 
cell groups: 

1 . Pan RE cells (positive reaction with MoAB R- 
MC 2,3 and 8); 

2. Cortically located RE cells (R-MC 13-17 
positive cells); 

3. MoABs detecting subcapsular and 
subtrabecular RE cells and the majority of 
medullary RE cells (positive staining with 
MoAB R-MC 18-20); 

4. IP specific for HBs and a small subpopulation 
of medullary RE cells (positive staining with 
MoAB R-MC 22); and 

5. IP typical for the mesodermal stroma cells 
(positive and selective stromal cell staining 
with MoAB R-MC 23). 

Recent observation employing flow cytometry 
determined that shared or common antigens exist 
between the thymic RE cells and the dendritic cell 
population (132). The greater sensitivity of flow 
cytometric observation showed the great functional 
complexity of the thymic RE network involved in T 
lymphocyte maturation. 

Another experimental study defined a unique 60 
kD surface antigen on the thymic RE cells (278). 
The immunologically potent molecule participate in 
the cellular interactions between the cells of RE 
network and the immature cortical thymocytes. Two 
rat monoclonal antibodies AS 19 and AS32 were 
directed against the 60 kD protein, but to different 
epitopes. The same protein was also determined on 
fibroblasts and vascular endothelial cells. 

The development of the thymic 
microenvironment in chicks was observed 
employing lectin histochemistry (279) Wheat germ 
agglutinins (WGA), concavalin-A (Con A), and 
ricinus agglutinin (RCA-I) were assayed. Con A 
lectin expression detected several cell clusters of 
stromal cells and thymocytes. These clusters 
probably represented lymphostromal cell complexes, 
with which the Con A receptors are associated in 
relation to cell to cell adhesion. 



8. ONTOGENESIS OF THE T CELL 
RECEPTOR (TCR) 

During the T lymphocyte development the T cell 
receptor (TCR) a, (3, y, and 8 genes are rearranged 
and expressed. TCR rearrangement requires the 
coordinating activity of two recombinase activating 
genes Rag-1 and Rag-2 (280). There are two periods 
of high Rag- 1 and Rag-2 mRNA expression during 
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the ontogenetical development of the T 
lymphocytes: 

1. in the early stage with CD25 CD4" CD8" and 

CD3" IP; and 

2. later at CD4 CD8 stage. 

The results suggest an active mechanism 
regulating the expression of these two recombinases 
during the early thymic development. The TCRs are 
disulfide linked heterodimer polypeptides and 
recognize peptides bound either to class I or class II 
major histocompatibility complex (1, 17, 21, 22, 32, 
50, 51, 58, 74, 84, 89, 100, 103, 112, 113, 133, 138, 
281-287). Another important feature of intrathymic 
T lymphocyte differentiation is its association with 
DNA rearrangement in the T-cell receptor loci. The 
thymus is the principal locus of rearrangement of the 
TCR a, (3, y and, probably, 8 genes. In early 
ontogenesis, a very high level of TCR y, 8 chain 
rearrangement was detected, y, 8 T cells generally do 
not express CD4 or CD8. In normal mammals, 
extrathymic rearrangement also occurs in skin and 
bone marrow. A basic question is whether 
rearrangement of TCR y and 8 genes is obligatory 
for the rearrangement of TCR and a genes and 
expression of a TCR-a, (3 receptor, or whether these 
two types of receptors represent totally different cell 
lineages. The C-V-D-J recombination brings the 
constant (C), variable (V), diversity (D) and joining 
(J) segments together to fonn a complete V gene. 
The Va region for example consists of >20 families 
each of which may contain from 1 to 8 individual 
genes. The Constant region (Ca ) consists of only 
one gene having the identical sequence in humans. 
The J a region consists of 50 short segments 
separated by long stretches of random sequences of 
DNA. The (3 chain is arranged similarly to the a 
chain. The V(3 region consists of approximately 70 
individual genes, which belong to 20 families, each 
with one to seven members. Rearrangement is a 
decisive step in T lymphocyte differentiation and 
thus serves as a genetic marker of commitment to T 
lymphocyte lineage. There are five different TCR V 
region epitopes: (3V 12, (3V 5.2/3, (3V 6.7, (3V 8, and 
a V 2.3. The (3V 6.7 expression was skewed to CD4 
cells and (3V 5.2/3 to CD8. DNA analyses revealed 
D-J, but no V-D-J (3 gene rearrangements, leading to 
the hypothesis that the early y-8 expressing 
lymphocytes secrete a factor(s) that is required for 
a -(3 expressing cell lineage. This differentiating 
factor may be a new lymphokine. Nothing is known 
about the mechanism of a rearrangement, whether 
it involves secretion of a special lymphokine at that 
early time of development or whether cell to cell 



interaction plays the leading role is not clear yet. 
This mechanism is a central question in immuno- 
ontogenesis. The three basic types of TCR- 
expressing cells are: 

1. double negative TCR-y, 8; 

2. double negative TCR-a , (3; and 

3. TCR-a, (3 expressing either CD4 or CD8 or 
both develop from the triple negative 
precursors. 



9. INTRATHYMIC DIFFERENTIATION 
PATHWAY OF T LYMPHOCYTES 

Intrathymic differentiation produces mature 
peripheral T lymphocytes which possess the cellular 
ability of developed effector cells, able to carry out 
several cell mediated effector functions, such as 
specific target cell lysis and lymphokine secretion 
(14, 16, 29, 33, 34, 37, 38, 47, 48, 54, 56, 60, 62, 63, 
68, 70, 82, 83, 88, 91, 94, 101, 103, 107, 114, 133, 
139, 260, 261, 267, 271, 282, 288-309). 

The maintenance of homeostasis in normal 
mammalian tissues reflects a balance between cell 
proliferation and cell death. The 
immunomorphologic phenomenon for the life span 
of immature cortical thymocytes is termed 
programmed cell death (PCD), or apoptosis or 
negative selection (57, 64, 310, 311) leading to a 
series of genetic steps that ultimately result in cell 
death (312, 313). Researchers are uncertain as to 
why and how this event occurs, however, it is 
believed to represent a biological phenomenon 
during ontogenesis. Ronald E. Ellis and his co- 
workers at MIT (Cambridge) have found the gene 
named ced-9 that regulates apoptosis. Incidentally, 
the ced-9 gene parallels bcl-2, the first known proto- 
oncogene protein to block cell death or an oncogene 
that controls the suicidal activities of T lymphocytes 
in humans (314). In adults, bcl-2 presence is 
restricted to progenitor and long-lived cells but is 
much more widespread during the ontogenesis 

(315) . Bcl-2 was detected in contact with 
mitochondria, endoplasmic reticulum and the 
nuclear membranes, sites of reactive oxygen species 
generation. Bcl-2 prevents oxidative damages to 
cellular constituents including lipid membranes. A 
family of bcl-2 related genes is emerging that 
includes Bax, a conserved homologue that 
heterodimerizes within the body with bcl-2. 
Recently, a pre-set ratio of bcl/Bax appears to 
regulate the survival or death of various cell types 
after an apoptotic stimulus. Moore and co-workers 

(316) defined that thymocytes susceptible to 
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apoptosis on TCR ligation express bcl-2 a mRNA 
suggesting that changing levels of bcl-2 expression 
cannot be the only determinants regulating 
susceptibility to apoptosis. Thymic nurse cells 
(TNC) are thymic subcapsular and cortical RE cells 
that envelop in specialized microenvironment the 
nonfunctional, nonselected, apoptotic cortical 
thymocytes (317). Debatin and co-workers (318) 
described expression of APO-1 on immature 
thymocytes. The result suggests that the APO-1 
pathway (typical for peripheral lymphocytes) may 
be involved in negative selection of at least a 
subpopulation of thymocytes after intrathymic cell 
activation. Further understanding of the apoptotic 
mechanism, and further advances in gene transfer 
methodology will provide a way to induce 
therapeutic apoptosis in certain cell populations. 

Thymocytes, immunophenotypically (IP), are 
remarkably heterogeneous with respect to the 
expression of different combinations of five major 
groups of cell surface markers. Their function to 
perform certain specialized tasks is, at least partially, 
dependent upon the expression of various cell 
surface antigens: 

1. the T cell receptor (TCR) as an antigen; 

2. growth factor receptors; 

3. the recognition glycoproteins CD1, CD3, and 
CD7 which are thought to participate in 
interactions with MHC Class I and II antigen 
molecules (53, 319); 

4. homing receptor structures; 

5. a 16kD thymocyte cell surface glycoprotein and 

6. Glycosaminoglycan (GAG)-binding molecules 
on the surface of lymphocytes. 

Thymocytes express at least 12 distinct GAG- 

binding molecules with molecular weights (MW) 
ranging from 10,000 to 250,000 daltons. It has been 
defined that these molecules can not be correlated 
with the entry of lymphatic cells into a particular 
lymphatic tissue. The 16 kD thymocyte membrane 
glycoprotein was defined by Amarante-Mendes and 
co-workers (320) and was shown that this protein is 
in interaction with medullary RE cells trough the 
gp23/45 epithelial adhesion molecule. 

The very earliest stages of T lymphocyte 
maturation, that is the stages of differentiation from 
a pluripotent stem cell to the stage of T lineage 
committed, intrathymic progenitor cells have 
remained unsolved (24, 27, 89, 105, 321, 322). Most 
recent studies concur that the most immature 
intrathymic thymoblasts, alone capable of 
repopulating the thymus in vivo, resides in the TdT 1 
and TdT", CD3", CD4", and CD8" (triple negative IP) 
(2, 21, 28-31, 37, 41, 61, 64, 65, 68, 86, 133, 139, 



233, 254, 323, 324), but CD7 + , CD2 + , CD1 + and IL" 
2R + cell subset. The CD3", CD4", CD8" 
subpopulation is itself very heterogeneous by other 
cell surface antigens, and can be divided into at least 
11 distinct subsets (8, 71, 325). Among the earliest 
thymocytes to enter the CD4/CD8 developmental 
pathway are CD4CD810 precursor cells that 
differentiate into CD4 + CD8 1 thymocytes (123). This 
differentiation pathway requires at least one cell 
division and that the progression of the early 
thymocytes through a cell cycle is specifically 
dependent to a cell-cell contact with RE cells 
expressing TGF-(3 proteins. TGF-(3 type II receptors 
were detected on the subcapsular and cortical thymic 
RE cells during the embryonal development. Thus, 
the TGF-p type II receptor expressing thymic RE 

cells can regulate the rate at which double positive 

+ + 

(CD4 CD8 ) thymocytes are generated from the 
CD4" CD810 lymphopoietic precursor cells. 

The major population (70-80% of all thymic 

cells) of immature, non-functional, non- 

+ + 

immunocompetent (CD4 8 ), "common" thymocytes 
also express the thymic antigen CD1. Therefore, 
mature thymocytes can be isolated from human 
thymus by treatment with anti-CD 1 MoAB, 
supplemented with complement. CD6 is a cortical 
thymocyte specific antigen. As expected, about 15- 
20% of thymocytes are transitional forms (TdT + /"), 
between cortical (TdT + ) and medullary (TdT ) 
thymocytes (326). The proliferation of triple- 
negative and common thymocytes may be activated 
by interactions of CD2 with LFA-3 on the RE cells, 
as well as by IL-2 and IL-2R. Thymic RE cells 
secrete IL-1, granulocyte colony-stimulating factor, 
and myeloid colony-stimulating factor. Antibodies 
against the Thy-1 antigen induce proliferation of 
early thymocytes in the presence of IL-1. Two-color 
immunofluorescence studies of thymic cell subset 
reveal that CD1- thymocytes comprise at least three 
distinct subpopulations: 

1 . immunophenotypically mature, "single positive" 

T lymphocytes (CD3 4 8" or CD3 4"8 ); 

+ 

2. a subset of CD3 "double negative" thymocytes 
(CD3 4 8 ); and 

3. a remaining minor subpopulation of CD3"4"8" 
(the well-known triple negative IP) (16, 39, 65, 
83, 91). Interleukin- 12, produced by the thymic 
stromal cells in combination with the stem cell 
factor induced significant proliferation of these 
triple negative pro-T lymphocytes (327). IL-12 
already has been implicated in the 
immunomaturation and activation of peripheral 
T lymphocytes and natural killer (NK) cells. In 
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more mature cells, stimulation through CD3 or 
TCR (probably both), and also through CD28, 
may become essential for thymocyte 
proliferation. Double negative thymocytes 
express CD5 or T1 molecules, CD38 structures 
and transferrin receptors (T9), but most cells 
(85-99%) in this compartment express CD2 and 
MHC Class I molecule (28-30, 68, 233). 

It was determined that the expression of three 
isoforms of CD45, (CD45RA, CD45RC and 
CD45RO) seem to be in coordination with the 
intrathymic T lymphocyte maturation and with the 
stage of their activation (328). Anti-CD45RA MoAB 
reacted only with a subset of medullary located 
thymocytes, whereas the anti-CD45RC was 
expressed on the majority of medullary thymocytes. 
Thymocytes that bear CD45RA also express 
CD45RC, but do not CD45RO. A subset of CD45 
RA" RO 4 thymocytes was also defined. CD45RC 
was selectively present on mature and already 
medullary located T lymphocytes during the 
intrathymic maturation pathway of thymocytes. 

Recent experimental studies employing 
knockout mice helped to determine the roles of some 
molecules in the sequence of stages during the 
intrathymic T lymphocyte maturation. It is accepted 
that: 

1. the protein-tyrosine kinase (PTK) p561ck is 
required for signal transduction through 
CD4/CD8, while 

2. the tyrosine phosphatase CD45 (exon 6 of the 
encoding gene) is required for 
dephosphorylation of regulatory tyrosines at the 
C-terminal of PTK molecules (91, 328). The 
experiments showed that p561ck knockout 
animals have few immunocompetent 
intrathymic T lymphocytes and only half of the 
normal level of double negative CD4CD8" 
thymocytes, suggesting that p561ck is important 
for the intrathymic proliferation and selection of 
thymocytes. 



10. MAJOR HISTOCOMPATIBILITY 
COMPLEX (MHC) RESTRICTION 
(POSITIVE INTRATHYMIC 
SELECTION OF T LYMPHOCYTES 

The primary role of the major histocompatibility 
complex (MHC), the class I and class II antigens, is 
the presentation of foreign peptides derived from 
foreign antigens to the effector cells of the immune 
system (3, 32, 65, 80, 122, 133, 138, 285, 321, 323, 
324, 329, 330). In the absence of foreign proteins the 



peptides bound to MHC molecules will be produced 
from the proteins of the host itself (331). The most 
novel and widely accepted concept of intrathymic 
thymocyte selection is the affinity-avidity model 
(332). 

The hypothesis for tolerance induction to "self' 
and to MHC restriction during T cell differentiation 
is as follows: Thymocytes learn to tolerate self (the 
body) during the close intracellular and cell to cell 
contacts with the MHC class I antigens positive 
cortical RE cells, necessary for physiologic T cell 
maturation (3, 32, 66, 80, 89, 282, 285, 333-338). 
The selected thymocytes also receive a protective 
signal, which rescues them from programmed cell 
death (112, 131, 132, 270, 271, 285, 308, 309, 336- 
340). Whether positive selection (self restriction) 
requires cell to cell contact for MHC molecules and 
presentation of foreign peptides. Whether the cell to 
cell contact is made with the MHC molecules 
complexed to various self peptides is unclear (335). 
Thymocytes also acquire a restriction to MHC class 
II antigens being in "examination contact" with the 
most dominant accessory cells of the cortico- 
medullary junction, the interdigitating (ID) cells. 
Other dendritic cells produce a thymic stroma 
derived T cell growth factor, distinct from all 
interleukins. Thymic stromal elements also contain 
an anterior pituitary hormone stimulating (releasing) 
activity, named thymic neuroendocrine-releasing 
factor (TNRF) (245). TNRF stimulates prolactin 
(PRL) release, potentiates thyrotropin-releasing 
hormone (TRH) and is additive to the physiologic 
role of growth hormone-releasing hormone (GHRH) 
on GH release. Anterior pituitary cells directly 
respond to TNRF with immediate increases in 
hormone release. Other thymic peptides, such as the 
thymic hormones, may regulate pituitary gland 
function as well. The role of thymic stroma cells in 
T lymphocyte tolerance induction and maturation is 
not yet clear. MHC restriction regulates an 
intrathymic negative and positive selection for the 
lymphatic cells as described below. 



10.1 Negative Selection 

A basic factor in shaping the TCR repertoire 
during the intrathymic maturation process of 
thymocytes is the susceptibility of CD4 1 CD 8 
(double positive intermediary) cells to induction of 
apoptosis when the TCR is engaged by self antigens 
(316). The intrathymic negative selection during the 
T lymphocyte immuno-maturation pathway involves 
selective induction of apoptosis in thymocytes. 




4. Development of Lymphopoiesis as a Function of the Thymic Microenvironment 



79 



Negative selection takes place in the thymic cortex 
as soon as the maturing thymocytes are expressed to 
a fully mature, functionally capable a /(3 positive 
TCR-CD3 (T3) (T cell receptor complex) or y/8 
TCR-CD3 complex and are exposed to cells bearing 
major histocompatibility complex (MHC) class I and 
II antigenic glycoproteins (95, 325) (reticulo- 
epithelial (RE) cells, ectomesenchymal elements, 
dendritic cells, interdigitating cells, fibroblasts, 
macrophages). The expression of TCR-8 occurs 
before the appearance of TCR a /(3 cell surface 
heterodimer surface molecules. 

The role of class I and class 11 MHC molecules 
is to bind peptides of intracellularly or 
extracellularly processed antigenic proteins, 
respectively, so that they can be recognized as 
foreign antigens by a /(3 TCR-Ti complexes, which 
exhibit dual specificity: for the antigenic peptide as 
well as for the peptide binding polymorphic domains 
of MHC molecules. After this differentiation step, 
the lymphatic cells interact with the interdigitating 
(ID) cells at the cortico-medullary junction level. 
Those thymocytes, which happen to react strongly 
with "self' MHC antigens will be tolerated (negative 
selection). The majority of these thymocytes have 
the "mixed" cell surface antigenic expression: 
CD7 , CD2 + , CD3 + , CD4 + , CDT, CD8", and MHC 
Class I . 

The critical event in the tolerance modification is 
the strength of interaction between the recently 
assembled TCR complex and the abundant MHC 
class II antigens on the ID cells, in the absence of 
foreign antigens. The ID cells express the highest 
quantities of MHC class II antigens in the human 
body. The MHC class II antigens are cell surface 
heterodimeric glycoproteins composed of 34 kD a , 
and 29 kD (3 chains and play a crucial role in the 
development of self tolerance, MHC restriction, and 
antigen presentation (15). Each of these processes 
involves the interaction of MHC with TCR a , (3, y 
or 8 receptors, antigen molecules and accessory 
molecules such as CD4. After this interaction, 
"untolerized," "virgin" T cells may leave the thymus, 
possessing some residual affinity to MHC (the RE 
cell influence) while remaining unreactive to 
unmodified MHC antigens until foreign antigens are 
be presented in the context of self MHC products 
(341). The antigen induced activation of the T cells 
can be inhibited by antigen analogs that have been 
called TCR peptide antagonists (342). The first 
peptide antagonists were identified for the 
cytochrome c-specific T cell clone AD 10. The 
antagonist appears to act by inducing the formation 



of nonstimulatory chemical complexes between the 
TCRs and the MHC molecules presenting the 
necessary peptides. Though unable to mediate 
mature T cell activation, the presence of TCR 
peptide antagonists resulted in a negative 
intrathymic selection because of the deletion of 
CD4 1 CD8 f thymocyte subpopulation (342). 
Although considerable data exist for the molecular 
basis of mature T lymphocyte signal transduction, 
the enzymes that participate in the TCR selection 
processes have remained a mystery. The CD45RO 
protein thyrosine phosphatase, a cellular enzyme is 
involved in the regulation of the intrathymic 
thymocyte apoptosis and in the TCR selection 
mechanisms during the immunological maturation of 
CD4 h CD8 + thymocyte population (343). Thus, 
augmented thymic presence of the CD45RO protein 
thyrosine phosphatase increased the efficacy of 
TCR-mediated apoptosis and MHC restricted 
negative selection of intrathymic thymocytes. 

Recent in vitro experiments determined a 
potential novel regulatory molecule associated with 
the extracellular matrix (ECM) of thymic stromal 
cells and stimulated a thymic T cell line of immature 
IP (111, 344). The stimulatory activity of the ECM 
was resistant to high salt extraction, acetic acid and 
strong denaturants but showed sensitivity to 

O 

treatment with trypsin and heat over 80 C. Purified 
ECM proteins (lamilin, collagen, fibronectin, and 
vitronectin) were either ineffective or showed only 
partial stimulatory effects. The ECM produced by 
other cells such as fibroblast cell lines was 
nonstimulatory. 

Cultured thymic RE and stromal cells produced 
the steroids pregnenolone and deoxycorticosterone 
and immunocytochemical observations 

demonstrated presence of steroidogenic enzymes in 
radioresistant thymic RE cells (11, 345). The locally 
produced glucocorticoids, because of their 
antagonist role to the TCR-mediated regulation for 
apoptosis may be a key mechanism of antigen- 
specific T lymphocyte selection. The relationship 
between these interactions and the biology of the 
development of tolerance are, however, poorly 
understood. 

The extreme stimulatory effect of the so-called 
superantigen (staphylococcal enterotoxin B, 
streptococcus pyogenes, representing 27 kD 
exotoxins, and superantigens produced by some 
retroviruses and Mycoplasma arthridis) on the T 
cells of several mammalian species is also well 
defined (346). These stimulatory molecules also 
provide information on tolerance mechanisms 
induced by apoptosis. 
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10.2 Positive Selection 

It is certain that the initial negative selection 
realized on host cortical CD40", HLA'ABC + , HLA" 
DR + , also expressing homing associated cell- 
adhesion molecule (H-CAM), intercellular adhesion 
molecule- 1 (ICAM-1), leukocyte function associated 
antigen 3 (LFA-3) and (3 1 subfamily integrins RE 
cells (347-349). During a second ontogenetic step, 
the above mentioned thymocyte elimination is 
followed by a positive selection mechanism on the 
level of the cortico-medullary junction on the host 
interdigitating (ID) cells (347). In experimental, pre- 
clinical animal models (usually mouse and rat), 
treatment with Cyclosporin A, resulted in serious 
depletion of the medullary located ID cell 
population. The suppression of ID cells was 
manifested in a loss of tolerance to "self," resulting 



11. FIGURES 




Figure 1. Serial section of 5 cm long human fetus, 
embedded in wax. Black arrow demonstrate the thymus. 5 
pm thick section. Staining after the method of Giemsa. 
Magnification 40x. 



in the development of T helper lymphocyte 
deficiency, followed by autologous graft versus host 
disease. To determine the developmental stages at 
which the mechanisms of positive selection produce 
immunocompetent T cells early thymocytes of large 
dividing and small nondividing types were 
transferred into the thymus (350). In contrast to 
earlier studies, both types were able to produce 
mature thymocytes with CD4 CD8" and CD4" CD8 
immunophenotype. Thus, the developmental 
window for positive selection also includes the 
population of small cortical thymocytes, certainly 
after the initiating multi-step activation. Further 
experiments are required with human thymocyte 
populations to understand the interim steps of 
tolerance induction and MHC (self) restriction (285, 
351). 




Figure 2. Epithelial stage of thymic histogenesis. Dog 
embryo in 23rd day of gestation. Proliferation of the 
primitive epithelial cells in direction of the 
ectomesenchymal cells. Primitive hematopoietic stem cells 
are already present. Methacrylate embedding. 3 pm thin 
section. Modified staining after Giemsa. Magnification 
400x. 
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Figure 3. Developing stage of thymic cortex. Dog thymus. Figure 5. Developing thymic cortex. Dog fetus in 34th day 

Some already committed lymphatic stem cell immigration of gestation.Typical for the stage cellular thymic 

is detectable. The close cell to cell character of the microenvironment. Epon embedding. TEM picture, 

epithelium is over. The primitive epithelial cells are Magnification lOOOOx. 

forming a pseudo-reticular tissue, adopting in the 
microenvironment also some ectomesenchymal cells. 

Methacrylate embedding. 3 |Jm thin section. Modified 
Giemsa staining. Magnification 400x. 




Figure 4. Thymic cortex in an early stage of Figure 6. Thymic cortex. Dog fetus in 36th day of 

lymphopoiesis. Dog fetus in 33rd day of gestation. gestation. Well developed lymphopoietic thymus, with 

Subcapsular, secretory reticulo-epithelial (RE) cell is in numerous lymphatical and RE cell mitoses. Well 

mitosis (black arrows). Other RE cells are still remaining developed RE cell processes. Methacrylate embedding. 3 

in groups. This close cell to cell epithelial distribution is pm thin section. Modified Giemsa staining. Magnification 

typical for this early stage of T lymphocyte producing 500x. 

thymus. The first lymphatic blast cells are already present. 

Methacrylate embedding. 3 pm thin section. Hematoxylin- 
eosin staining. Magnification 63 Ox. 
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Figure 7. Thymic cortex. Human fetus of 21 cm body 
length (early 5th lunar month). RE cell surrounded with 
thymocytes showing several nuclear envelope related cell- 
cell contacts. The type of cellular contact is not 
desmosomal. Epon embedding. TEM picture. 
Magnification 10500x. 




Figure 8. Thymic medulla. Three month old mouse. The 
most characteristic morphological structure, of the 
mammalian thymic medulla, the body of Hassall's appears 
only when the thymic histogenesis is completed. SEM 
picture. Magnification 20000x. 
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Chapter 5 

The Hassall’s Bodies 



Abstract: During the thymic ontogenesis, the HBs appear when lymphopoiesis is already established and the cortex, medulla and the 

cortico-medullary junction are capable of conducting the positive and negative selection of T lymphocytes undergoing 
progressive maturation. The HBs are structurally organized from RE cells, which usually undergo hypertrophy prior to 
their inclusion in the outer cell layer of the corpuscles. In our observations the greatest developmental progression and 
main cell-tissue organization of the HBs was observed between 45 and 54 days of gestation in dogs and between 6 and 10 
lunar months in humans. The cellular microenvironment of the thymic medulla is composed of networks of cell types, of a 
variety of origins, and all of them may participate in the construction of growing, progressive HBs. Histochemically, we 
detected a rich content of basic non-histone proteins, PAS positive substance (glycogen) and acid mucopolysaccharides 
within the bodies. Employing the histological stain of Pasini and immunocytochemical methods with monoclonal 
antibodies (MoABs) AE2 and AE3, high molecular weight (56.5 to 67 kD) basic keratins were defined in human HBs. 
Employing a panel of MoABs developed against thymic RE cell surface antigens, we observed immunoreactivity 
localized to the outer cell layer of the HBs with MoABs TE8, TE16 and TE19, while the centrally located cells reacted 
positively with TE15 and TE19. Immunoreactivity in human skin, employing the TE8, TE16 and TE19 MoABs was also 
observed in the epidermal granulosa cell layer, while TE15 reacted with cells of the stratum comeum. The presence of 
endocrine, peptide secreting RE cells within the HBs was defined with the use of MoAB A 2 B 5 , which binds to the GQ 
ganglioside. The hypertrophied, physiologically active RE cells of the peripheral cell layer of the HBs reacted positively 
with medium to strong intensity when stained with MoABs UJ127.il, J 1 153, A 2 B 5 , 215.D11, and 275.G7. We also 

observed the expression of transforming growth factor-(3 type II receptors in HBs. The recently detected expression of the 
homeobox gene products B3, B4, and C6, transcription factors involved in developmental processes related to 
hematopoiesis within HBs provides further evidence that HBs are important functional components of the RE network of 
the thymus which provide developing thymocytes with paracrine and juxtacrine signals to ensure their proper functional 
maturation during the intrathymic lymphopoiesis. Our transmission electron microscopical (TEM) studies on HBs 
determined the existence of groups of RE cells connected to one another by desmosomes. We went on to further observe 
long cytoplasmic processes originating from medullary RE cells and directly contacting thymic T lymphocytes and 
accessory antigen presenting cells (macrophages, dendritic cells, interdigitating cells, Langerhans cells, etc.) by the use of 
scanning electron microscopy (SEM). Thus, our results indicate that the HBs are unique, antigenically distinct, 
functionally active, multicellular components of the nonlymphocytic, cellular microenvironment of the thymic medulla, 
and participate in the physiological activities of the prenatal and adult thymus. Future immunohistochemical and genetic 
studies will clarify the exact origin of the various non-lymphatic thymic cells participating in the determination of the 
particular physiological activities, progressive growth, and the terminal cell differentiation within the HBs. 



Key words: Thymic Ontogenesis in Vertebrates; Origin of the Hassall's Bodies (HBs) - Hypotheses; Reticulo-Epithelial Cell Origin of 

HBs; Capillary Involvement; Morphological Observations; Scanning Electron microscope (SEM) Study; Transmission 
Electron microscope (TEM) Observation; Immunocytochemistry; Streptavidin-biotin antigen detection technique; Mouse 
Anti-Human Monoclonal Antibody (MoAB); Immunophenotype (IP); Thymic Organ and Tissue Cultures; Total Body and 
Local Thymic Irradiation; Thymic involution. 



1. HISTORICAL OVERVIEW 

The Hassall's bodies (HBs) are the most 
characteristic, organ-specific structures of the 
mammalian thymus. However, thymic research, as 
demonstrated in the literature, has increasingly 
moved towards a better understanding of T 



lymphocyte maturation and differentiation as a main 
function of the thymus (1-4). Lymphopoiesis is 
critically related to the function of accessory cells 
and the epithelial cell network of the thymus, 
organized in so-called "lympho-epithelial symbiosis" 
(5-7). Therefore, the development, histogenesis and 
function of HBs are of great importance. The 
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literature, however, has yet to be enriched with a 
thorough review article on this subject (our present 
attempt is unique in this regard). 

Phylogenetic observations have concluded that 
HBs are not found in vertebrates of the lower orders, 
e.g. in cyclostomes they are completely absent. In 
addition, a detailed ultrastructural study has 
determined that mammalian like HBs are also absent 
in reptiles (8). On the other hand, HBs are always 
present in the thymic medulla of mammals. 

Arthur Hill Hassall, in his The Microscopic 
Anatomy of the Human Body, in Health and Disease 
(9), first described the HBs as large cellular 
structures of the thymic medulla, and named them 
"cytoblasts or mother cells" in 1849. His account 
mirrored his teacher's (Simon) opinion: 

"in early life there exists in the thymus 
gland no trace whatever of complete cells, that 
is only in later life that nucleated cells are 
formed, and that these are developed out of the 
granular corpuscles, which are alone present in 
the gland in the first years of its existence. The 
same statements are applied to the thyroid 
body.... the opinions entertained by Mr. Simon, 
in his "Essay on the Thymus" have not been 
overstated... the dotted corpuscles are 

undoubtedly quite similar to those which we 
have recognized as becoming the nuclei of cells 
in the thyroid body, and in other organs." 

Hassall finished the chapter concerning 
organized fluids with the words: "the corpuscles of 
the thymus are mixed up with those corpuscles ... in 
every way similar to the white corpuscles of the 
blood, but very distinct from the true cell corpuscles 
of the gland". To the present day, these bodies bear 
his name and the expression "the concentric 
corpuscles of Hassall" was introduced into 
histological nomenclature by Friedrich Henle in 
1849 (10). These characteristic thymic structures 
were also described by Rudolf Virchow, and thus 
they are sometimes referred to as Hassall-Virchow 
corpuscles (11, 12). 



2. HYPOTHESES CONCERNING THE 
ORIGIN OF HBS 

During the past century, a great number of 
researchers have observed and speculated on the 
development, histogenesis, and possible functions of 
HBs in various vertebrates. The origin of HBs has 
been the subject of considerable controversy and the 
question still remains without a definitive answer. 

In this historical view, we must first point out 



that the great majority of published hypotheses are 
speculative, far from scientific reality. Secondly, all 
significant cellular changes occurring in the thymic 
microenvironment during the ontogenesis of this 
primary lymphatic organ will be considered in our 
discussion. 

Early investigators of thymic histogenesis, such 
as Bruch (13), Friedleben (14), Maurer (15), Magni 
(16), Stohr (17, 18) and Fulci (19) proposed a 
possible thymocytic cell origin of HBs. According to 
them, HBs originate from thymocytes or "small 
thymic cells" located in the thymic epithelial 
microenvironment: the precursor, lymphoblastic 
cells of future thymocytes, which have migrated into 
the thymus during development. Ghika (20) and 
Goldner (21, 22) also shared this view, that the 
thymocytes were, in some ways, connected to the 
origin and development of HBs. 

The contention that HBs arose from the 
endothelial cells of degenerated small blood vessels 
in the thymus was proposed by Comil and Ranvier 
(23) and supported in a number of articles written by 
Afanassiew (24), Nusbaum and Machowski (25), 
Jordan and Horsley (26), and Juba and Mihalik (27). 
Jordan and Looper (28) observed the ontogenesis of 
the thymus in box-turtles and criticized this 
hypothesis. 

Since 1860, the thymic literature has emerged 
from studies concerning the normal pre- and 
postnatal histogenesis of the thymic 
microenvironment in a variety of vertebrates by a 
number of authors: Kolliker (29, 30), His (31, 32), 
Toldt (33), Krause (34), Stieda (35), Capobianco 
(36), Pierson (37), von Ebner (38), Prymak (39), 
Wallish (40), Goodall (41), Klose & Vogt (42), Rabl 
(43), Hart (44), Marine (45), Scammon (46), 
Woollard (47), Webster (48), and others. This 
research converged on the proposal that the HBs 
originate exclusively from the cells of the 
primordial, primary and pure epithelial thymic 
anlage, and that, later on, the HBs represent 
remnants of these omnipotent embryonal epithelial 
cells. This was also a speculative hypothesis, not 
taking into account the dynamic nature of postnatal 
thymic histogenesis, the regularly occurring new 
formation of HBs, and the significant differentiation 
processes taking place within the complex thymic 
cellular microenvironment. 

Schambacher (49), Marine (45) and even Shier 
(50) considered that the HBs are parts of cellular 
substances enveloping the primary thymic 

epithelium in the early thymic duct or that the HBs 
differentiate secondarily from different tubular 
structures. Hammar (51) criticized both hypotheses 
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based upon his embryological observations: "Als ein 
Gewinn der Forschung in der Periode vor 1910 ist zu 
verzeichnen, dafi die AuffaBung von den 
Fiassallschen Korpem als Uberreste epithelialen 
Thymusanlage oder iiberhaupt als starre 
unveranderliche Organbestandteile als aus der 
Diskussion abgefiihrt betrachtet werden kann, was 
natiirlich nicht besagt, dafi einzelne Riickfalle in 
altere AuffaBungen nicht auch in der hier zu 
beriicksichtigenden Periode Vorkommen." Juba and 
Mihalik (27) expressed the importance of the 
primary hypertrophy of the RE cells of the HB 
central core: 

"Die Bildung scheint damit anzufangen, 
daB eine Zelle - seltener ein paar nebeneinander 
liegende Zellen - des Retikulums bedeutend an 
GroBe gewinnen und eine mehr spharische 
Gestalt annehmen. Indem sie bei dieser 
VergroBerung die Nachbarzellen erreichen, 
werden diese durch den Wachstumsdruck 
seitwarts verschoben und lagem sich der 
zentralen Zelle schalenformig an. Auch die 
peripheren Zellen werden bald hypertrophisch, 
wodurch das Gebilde eiter wachst und neue 
Zellen an seine Peripherie angefugt werden. Bei 
dem so fortschreitenden Wachstum konnen zwei 
oder mehrere Korperchen einander erreichen, 
sich einander an ftigen und nun als eine 
einheitliche Bildung weiterwachsen. Es 
entstehen also zusammengesetzte Hassallsche 
Korper." 

Jordan and Looper (28) were the first to report 
the presence of "unicellular bodies of Hassall", 
identified as individual hypertrophied RE cells with 
late fibrotic changes in their cytoplasm in 1928. 

To study the cellular origin, Kostowiecki (52) 
reconstructed the HBs of 5, 6, 7, and 9 months old 
human fetuses. Fie supported both hypotheses 
concerning HB genesis. His contribution lies in the 
discovery of additional thymic microscopic bodies 
which were "mixed in origin", and have concentric 
lamellate structure. These bodies were organized 
around a degenerated blood vessel, surrounded by 
hypertrophied RE cells. In Weller's words (53): 

"Reconstructions of the corpuscles thus 
demonstrated numbers of irregularly shaped 
structures scattered throughout the thymus, most 
of them, however, at a distance from the blood- 
vessels. These findings agree well with the 
conception of Hassall's corpuscles as epithelial 
pearls." 

The so-called true HBs usually contain one or 
two enlarged and partially destroyed central RE 
cells, and, occasionally, such RE cells also constitute 
their peripheral core (54). 

An unusual interpretation is found in the works 



of Norris (55), who observed human thymic 
ontogenesis in serial total body tissue sections and 
reported the migration of ectodermally derived 
epithelial cells from the cervical sinus into the 
thymic medulla. He suggested that the HBs of the 
human thymus are formed only by the migration and 
proliferation of these ectodermal epithelial cells. The 
possible ectodermal derivation of HBs was also 
discussed by Zotterman (56) in pigs and later by 
Massart (57, 58), who described typical HBs in both 
the ectodermal and endodermal parts of the thymus 
of Vesperrugo pipistrellus. 

Winiwarter (59) concluded that the HBs mostly 
originate from the cells of the RE meshwork, but 
that there was no denying the participation of 
connective tissue elements following some kind of 
thymic involution. 

Dustin and Baillez (60) argued the myoepithelial 
derivation of the thymic bodies: 

"Les cellules myo-epitheloides, en general, 
isolees ou groupees en corps hassaliens, ne 
derivent pas de l'ebauche epitheliale primitive 
du thymus; elles sont d'origine mesodermique; 
ce sont des elements de la lignee conjonctive 
penetrant a l'interieure du thymus et y subissant 
des metaplasies particulieres a cet organe. Ces 
cellules peuvent, ou bien etre eparses dans la 
parenchyme, ou bien se grouper en corpuscules, 
ou bien, tres frequemment appartenir a des 
formations peritheliales et se metaplasier lors de 
l'involution vasculaire." 

Other authors have demonstrated two ways of 
interpreting the origin and histogenesis of HBs. 
These descriptive studies concocted another way of 
differentiation of the RE cells: 

"The epithelial cells of the primordium of 
the thymus differentiate into two kinds of cells. 

One is the reticular cell and the other is myoid 
cell or striated muscle. These cells or muscles 
are destined to degenerate. To remove these 
degenerated cells or muscles, the neighboring 
reticular cells appear around them. They acquire 
the phagocytic character to clear the 
degenerated substances. Due to a large quantity 
of the degenerated substances, those reticulum 
cells also get degenerated. Then new phagocytic 
reticular cells appear again around the 
degenerated reticular cells. In this way the 
concentric arrangement of the degenerated 
reticular cells are formed. As the result the same 
corpuscle consists of at most about four to five 
layers. If two or more degenerated myoid cells 
near close to each other, the polynuclear 
Hassall's corpuscle comes into existence. The 
degeneration of the myoid cells in the frog and 
snake does not form concentric Hassall's 
corpuscles. The unicellular Hassall's corpuscles 
of the previous investigators are probably 
equivalent to the above mentioned rudimental 
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myoid cells or Hassall's corpuscles in early 
stage." 

The observations of Imai et ah (61) were 
significant because they defined the presence of 
another cell type within HBs, and they considered a 
possible dual cell origin and histogenesis of HBs. 
According to Imai and co-workers, in humans and 
other mammals, the kernel of the HB represents a 
rudiment of a myoid cell. In amphibian (frog), 
reptilian (snake, if the HBs have developed), and 
avian (fowl) thymic tissues, the central part of the 
HB has been found to be composed of some type of 
striated muscle. As stated previously, the other 
cellular components of HBs are the RE cells of the 
thymic medullary microenvironment. More 
specifically, RE cells surround the degenerated 
myoid (i.e. also described as "giant") cell(s), forming 
the concentric structure of the HBs. According to 
Wassjutotschkin (62) it is difficult to accept the 
origin of HBs exclusively from myoid cells; this is 
also our opinion. Under certain conditions, however, 
it is possible that such cells comprise the central 
cellular core of HBs. During our detailed 
observation of the prenatal histogenesis of the 
human thymus, we defined that the number of myoid 
cells in HBs is minimal under physiological 
conditions and, considering the basic principles of 
human embryology and thymic ontogenesis, the 
above mentioned histogenetic mechanisms are 
simply unacceptable. 

Hammar, in his review book on the thymus (51), 
interpreted the humoral experiments of Kliwanskaja- 
Kroll (63) in which rats were fed thyroid tissue: 

"...bei ihren sorgfaltigen, auch numerisch 
bearbeiteten Versuchen mittels 

Hyperthyreodisierung von weiBen Ratten mit 
Schilddriise vom Rind positiven Erfolg 
verzeichnet. Die Gesamtzahl der Hassall'schen 
Korper war nach 10 tagiger Verfutterung mit 
Thyreoideasubstanz 2.5 mal und die Zahl der 
kleinsten etwa 5mal die des Kontrolltieres mit 
immer abnehmendem Ubergewicht der hoheren 
Korpergruppen...bei den spateren Tieren (nach 
30, 60, 120 und 210 Tagen) lagen die 
Gesamtzahlen niedriger (1.6 resp. 1.1, 1.3 und 
1.4 mal der Kontrollwerte) und auch mit die 
einzelnen Gruppenwerte waren im allgemeinen 
niedriger und mit der groBten Anzahlsteigerung 
nicht langer in die Gruppe der kleinsten Korper 
verlegt." 

He also held that the connective tissue elements 
migrating into the thymus could not be the precursor 
cells of HBs. Hammar (51) also gave an important 
interpretation of some earlier publications: 

"Dustin (1923) bezeichnet die Konjuctivo- 



vaskularen Ziige des Thymus als einer 
Metaplasie fahig, durch welche die 
Hassall'schen Korper und Zilienzysten ihren 
Ursprung geben. Dies gilt zunachts fur die 
Katze, Abrauch fur weiBe Mause, deren 
Thymus sehr arm an Hassall'schen Korpem und 
bisweilen ganz frei von ihren ist. Ahnliche 
Bilder von einen Ursprung der Korper aus 
venosen Ztigen hat er beim Axolotl, beim 
Frosch, bei der Katze, bei der weiBen Maus und 
beim Menschen gesehen....Florentin (1929) und 
Florentin und Weis (1932) flndet in einem 
isoliert liegenden Thymus Krotchen Hassallsche 
Korper, die hautig um eine kleine Arterie mit 
sehr deutlichem Endothel zentriert sind. In 
gewissen Fallen war das Arterienlumen 
thrombosiert. Es fltt Dustins Aussicht liber den 
vaskularen Ursprung der Korper bei mit dem 
von Pensa gemachten Zusatz, daB eine oder 
mehrere Schichten von epithelialen Markzellen 
hinzukommen konnen, sodaB der Korper 
solchenfalls gemischten Ursprungs ist." 

Bastenie (64, 65), studying the human thymus 
gland, found that HBs originated from hypertrophied 
perithelial (mesodermal) cells. He also reported that 
during chronic, high grade thymic involution, the so- 
called "process of diffuse Hassallisation " is 
preceded by the solid infiltration of the thymic 
reticulum by mesenchymally derived connective 
tissue elements and that HBs originate from these 
cells as part of thymic tissue reorganization 
following the pathobiological condition of 
involution. 

The origin of HBs from the cells of the 
mesenchymal RE meshwork was proposed in the 
works of Paulitzky (66), Watney (67, 68), and 
Toumeux & Verdun (69). These authors described 
the presence of HBs invaded by mesenchymally 
derived reticular cells, which could also represent 
components of the complex cellular architecture of 
HBs. Another interesting hypothesis was proposed 
by Gregoire (70) when he expressed that HBs were 
derived only from the cells of the "reticular cell" 
network of mesodermal origin. Specifically, he 
stated that they originated and specialized from 
capillary pericytes: "tout simplement /'expression de 
Faction metaplasiante du milieu thymique, action 
d'lme extreme energie qui peut se faire sentir aussi 
bien sur les elements mesodermiques que sur les 
elements epitheliaux." Beclere & Pigache (71) and 
Pigache & Worms (72) stated that large cells formed 
unicellular HBs and, in later stages of their 
histogenesis, the concentric layers of degenerated 
leukocytes around them formed the well-known, 
characteristic HBs. 

Kingsbury (73-75), it seems, did not agree that 
the thymic medulla is in a state of constant 
degeneration, and arguing with himself wrote: 
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"If they are endothelial hypertrophies of 
obliterated vascular channels, the exceedingly 
great abundance of such degeneration occurring 
practically throughout the life history of the 
organ presents so unique a feature that it raises 
at once an inquiry as to the underlying 
conditions and the reasons for their occurrence." 

Two extrathymic, but cell based hypotheses have 
also been published. Beard (76) concluded that the 
HBs were degenerated parts of the parathyroids, 
taking their places as accessory glands within the 
thymus. Another embryologically unrealistic and 
completely false thesis was proposed by Popoff (77, 
78) when he stated that the HBs were degenerated 
rudimentary organs of the genital and follicular 
cells. 

According to Goldner (21, 22), after adrenaline 
injection in dogs, one normal and one hypertrophied 
RE cell appeared as unicellular HBs. He described 
the initial formation of HBs to be most dependent on 
the appearance of these unicellular bodies and, 
furthermore, that all RE cells in HBs are 
degenerative in nature. The same histogenetic 
mechanism was reported by Goldner following x-ray 
irradiation (probably around a necrotic mass). 

The most acceptable hypothesis remains the one 
indicating a cellular origin of HBs from the cells of 
the thymic medullary RE network, and has been 
recognized following the systematic and detailed 
observations of Hammar (79-82), the father of 
modern thymology (Fig. 1 and Fig. 2). Others with 
the same opinion in classical thymic literature 
include Prenant (83), Bell (84), Dantschakoff (85), 
Mietens (86), Maximow (87), Pappenheimer 
(88,89), Jaffe & Plavska (90), and this view is 
shared by all relatively recent systematic studies by 
Smith (91), Bodey (92, 93), and Liberti et al. (94). 

Why do the HBs appear to be round? Hammar 
(79) considered that from the very beginning of the 
formation of HBs, the hypertrophy of one or two RE 
cells, which eventually impinge upon and fuse with 
other RE cells causes the concentric arrangement of 
the RE cells in the medulla around these, RE cells 
undergoing expansion due to hypertrophy and also 
characterized by slow atrophy. The lamellated 
structure of the HBs also results from this continued 
expansion. 

Kingsbury (74) proposed a purely mechanistic 
view of the origin and development of HBs: 

"The epithelial (epitheloid) foundation, 
however, grows under very peculiar conditions 
due to 1) the fact that it is no longer a surface 
tissue and 2) its conversion into a cytoreticulum 
in correlation with the 'lymphocytic' invasion 
and proliferation. These conditions are, I think, 



clearly responsible for the varied forms the 
growth takes producing the epithelial or 
epithelioid structures, which have come to be 
known as corpuscles of Hassall.... the Hassall 
corpuscles are expressions of 1) growth in a 
confined space-a result of absence of a free 
surface; and 2) of a disjunctive growth 
differentiation due to extreme reticulation that 
the epithelium has undergone. That they are 
epithelial in origin is easily determined. The 
comparison of thymic corpuscles and other 
epithelial growths in confined space, such as 
epithelial pearls, is justified. The interpretation 
presented here requires no assumption of an 
adaptive significance underlying thymic 
corpuscle formation." Several years later in his 
paper concerning HBs, he added: "...in the 
thymus lobule, the differential growth becomes 
centripetal with cell conglomerates forming 
centrally as expressions of a differential growth 
in a confined space.... in the thymus of the 
teleostome fish where the surface value of the 
thymic epithelium is retained (placoid thymus) 
thymic corpuscles are lacking - as would be 
expected" (95). 



3. COMPARATIVE ONTOGENETIC 
CHRONOLOGY 



3.1 Appearance of the very first HB in various 
vertebrate species 

The first HBs appear on the 27th day of 
incubation in chickens (87, 96) and at various other 
stages in mammals: in the 19 mm long fetus in rats, 
the 29 mm ones in guinea pigs, and in the 70 mm 
ones in cats and calves. In dog fetuses, we detected 
the first HB on the 38th day of gestation (97). As for 
humans, Hammar (80, 98) and Bodey (92, 93) have 
described the initial appearance of HBs in 65-70 mm 
long (in second to third week of the third intrauterine 
lunar month) fetuses, while Lobach and co-workers 
(99) detected them at the beginning of the first week 
of the 4th lunar month. 

3.2 Patho-morphological cell changes in HBs 
during thymic histogenesis 

Hammar (51) described necrotic changes in the 
centrally located RE cells within the HBs: 

"Es handelt sich dabei erstlich um eine 
Degeneration den bei verschiedenen Spezies 
einen verschiedenen Charakter hat, habe ich 
schon im vorigen Bericht hervogehoben, und 
ich habe keinen Grund auf diese Seite der Sache 
zuruckzukommen. Auch ist es als leicht 
verstandlich, daft die zentrale Degeneration bei 
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Spezies, deren Hassall'sche Korper nie eine 
etwas betrachtlichere GroBe erreichen eine 
wenig augenfallige Rolle spielt, wahrend sie bei 
anderen, wie bein Menschen, wo die Korper 
u.U. bis liber 1.0 mm Durchmesser erreichen, 
durch ihren Umfang und ihre wechselnde 
Beschaffenheit die Aufnerksamkeit in hohem 
Grade auf sich zieht....Das besondere Aussehen, 
welches ein Hassall'sche Korper darbietet, wen 
sein groBter, zentraler Abschnitt aus kemlosen, 
schuppenartigen oder schollenformigen 
kemlosen Zellen besteht, und bloB seine 
Randpartie lebende kemfiihrende Zellen 
aufueist, hat Veranlassung dazu gegeben, solche 
Korper als besandere degenerierte Formen 

aufzufassen und zu bezeichnen Wenn ein 

Korper eine gewisse GroBe erreicht, prasentiert 
er sich als degeneriert." 

Hammar (51, 100) morphologically 

characterized six distinct categories of HBs: 

"1) zystische Korper; 2) 
leukozyteninvadierte Korper; 3) partiell und 4) 
total verkalkte Korper; 5) entkalkte Korper nach 
vorheriger partieller und 6) nach vorheriger 
totaler Verkalkung. Etwas anders ist die 

Gmppiemng von Ishibashi und Watanabe 
(1926) ausgefallen. Sie unterscheiden funf 

Arten von Hassall'schen Korpem: zellige, 
hyaline, verkalkte, kolloidale und 
zusammengesetzte Formen. Diese 

verschiedenen Arten treten je nach dem Grade 
der Alters- und Krankheitsverandemngen der 
Thymus in einen bestimmten prozentuellen 
Verhaltnis auf. Zellige Formen finden sich in 
alien Lebensaltem, hyaline vorwiegend bei 
Kindem tiber 10 Jahren, verkalkte nach dem 2. 
Lebensjahr, kolloidale meistens im mittleren 
Alter, nur sparlich im Kindesalter....Die 
zystischen Korper sind schon durch ihre relativ 
maBige GroBe und ihren Wandbelag von 

konzentrisch geschichteten oder einfachen 
platten Epithelien meistens unschwer von 

Zysten allerlei Herkunft zu unterscheiden. 

Selten sind sie leer, haufig enthalten sie 
Leukozyten. Wenn die Menge dieser haufig 
zusammengebackenen Zellen, nach AugenmaB 
beurteilt, einen geringeren Durchmesser hat als 
die Halfte des Zystenraumes, wurde das Gebilde 
noch als zystisch gerechnet. Wenn der 
leukozytare Inhalt hin gegen das betreffende 
MaB iibertraf, wurde der Korper als Leukozyten 
invadiert bezeichnet. Da fast alle Korper 
Leukozyte enthalten, war eine zwar willkiirliche 
Grenze unumganglich." 

Relying on our systematic observations of over 
200 human and 70 dog embryos and fetuses during 
ontogenesis, with emphasis on the histogenesis and 
histochemistry of the thymus (92, 93), we have 
concluded that HBs originate and develop from the 
medullary RE cells and regularly undergo a variety 
of morphological changes. The first HBs could be 
observed on the 38th day of gestation in dogs and at 



the middle or end of the third lunar month (second 
or third week) in human fetuses. Thymic 
organogenesis can be regarded as commencing 
development from this moment. The HBs appear 
when lymphopoiesis has already been established 
and the cortical and medullary areas are 
recognizable. In our observations, the size of the 
bodies varied from 10 to 1000 pm. The main 
development of the HBs occurred between 45 and 
54 days of gestation in dogs and between 6 and 10 
lunar months of intrauterine life in humans. 
Histogenesis of new HBs was also observed. This 
process always began with the nuclear hypertrophy 
of RE cells (marked changes of the nucleus). This 
hypertrophy then spread over the cytoplasm as well, 
resulting in a highly marked acidophilia and 
gradually the involvement of an increasing number 
of cells could be observed (in extreme cases up to 
three-hundred RE cells). Meanwhile, degenerative 
changes were detected in the central cores of the 
HBs. These lead to karyorrhexis and eventually to 
karyolysis while the HBs underwent circular 
development, taking up the smallest space possible 
(92, 93). During the subsequent development of the 
bodies, they become infiltrated by granulocytes, 
thymocytes, and macrophages. Some of these 
granulocytes are eosinophilic in human fetuses, but 
not in dogs. During this stage, termed advanced or 
"full development" of HBs by a complex 
chemotactic mechanism, new cells from the 
medullary RE meshwork are drawn actively from 
the HBs' immediate surroundings, which in our 
judgment, not only aids constructively (progressive 
growth of HBs), but is also crucial in the situation 
dependent function of the cellular complex of the 
HBs (Fig. 3-5). The medulla also takes an active role 
in this complex building process, which we called a 
"stromal or medidlar RE tissue reaction. " This 
reaction could be observed in the medullary RE 
cells, adjacent to the HBs. Some large bodies have 
peripheral cell layers, which are attached to one 
another. The central core of such HBs is filled with 
cellular debris that represents the product of cell 
disintegration. During progressive development, this 
partially necrotic mass is always separated from the 
outer, viable cell layers. 

3.3 Cellular disintegration within the HBs 

Kostowiecki (54) described three patterns of I IB 
regression in guinea pigs, each ending with their 
complete disintegration. As the regression continues, 
the remaining thymocytes, granulocytes, RE cells, 
and macrophages participate in this process. Small 
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vacuoles are present within the degenerating 
macrophages. The contents of the HBs gradually 
shrink, but the regression is by no means uniform. 
Mature macrophages display great phagocytic 
activity. Among such cells, small binucleate cells 
and several thymocytes occur. In the terminal stage, 
only macrophages and large cells, homogeneously 
stained, remained in the HBs. When the HBs 
contained numerous RE cells, we were able to detect 
a second type of degeneration. The RE cells 
represent the stroma in the HBs, showing maximum 
hypertrophy, and are grouped in concentric cell 
layers around the central core. The nuclei of these 
cells disappear and their cytoplasm forms hyaline- 
like laminae. Later, these contents undergo 
fragmentation and destruction. This detritus, 
combined with that from degenerating thymocytes, 
gives the HB a homogeneous, shrunken appearance. 
The cell detritus is finally phagocitized. In large 
bodies, the central core might begin to hyalinize 
(101). When large numbers of thymocytes are 
present, the third type of HB regression could be 
present. The HB, while undergoing this kind of 
regression, rarely shows single RE cells and an 
intracorpuscular fluid (thymocyte or RE cell 
secretion), characteristics which are always present 
otherwise. 



4. HISTOCHEMISTRY AND 

HISTOENZYMOLOGY OF HBS 

Histochemically, the central core and the RE 
cells from the body's periphery stain pink to red and 
the hypertrophic RE cells give a granular purplish 
staining with the PAS-reaction. The granular 
staining was partly reduced following (3-amylase 
digestion, but the central part of the body showed no 
reduction in its strong stainability (92, 93, 97, 102, 
103). There is a rich content of basic non-histone 
protein located in the central core of the HB and in 
the circular peripheral RE cell layers, showing 
various stages of cellular hypertrophy or destruction 
(92, 93). The extra- and intracellular localization of 
the neutral lipids and phospholipids as small droplets 
over the central part of the HBs prove the 
degenerative process within the bodies. Some of the 
outer concentric lamellae of the HBs demonstrated a 
strong reaction for phospholipids employing Baker's 
(104, 105) method. Gaudecker and Schmale (103) 
consider that these structures might be identical to 
the vacuolated cells demonstrated with TEM. In 
some fetuses in advanced stages of ontogenesis 
(after the 8th lunar month of intrauterine 



development), we have been able to demonstrate the 
accumulation of calcium salts in the central core 
contents of the HBs, signaling the conclusion of a 
cell degeneration process. 

The existence of a thymic "enzyme" was first 
reported by Jones (106), but it is clear that he was 
referring to a secreted thymic hormone. Practically 
all modem histoenzymatic thymic observations have 
been conducted on vertebrate frozen tissue. Such 
investigations have been carried out on human fetal 
and postnatal thymus, obtained after abortions and 
open heart surgeries (92, 93, 103, 107-112). Other 
authors conducted their thymic studies in domestic 
fowls (113-120), as well as other experimental 
animals such as rabbits (115, 122-124), rats (108, 
115, 124, 126, 127), dogs (115, 122), cats (115), 
guinea pigs (102, 115, 124-126), pigs (121), sheep 
(115), and oxen (115). 

In agreement with other histoenzymatic studies, 
we observed the strongest enzymatic reactivity in the 
peripherally located RE cells of the concentrically 
laminated tissue structure of human thymic HBs. 
This was especially true for hypertrophic ones in 
which the enzymatic activity was found to be even 
greater. Positive activity for a-naphthylacetate- 
esterase was detected in the peripherally located RE 
cells within the HBs. In the central core of the HBs, 
this enzyme was absent. Acid phosphatase activity 
was also detected within the HBs, and, once again, 
the enzymatic activity was stronger in the 
peripherally located, often hypertrophied RE cells. 
During involution, a weak 5-nucleotidase activity 
was determined exclusively in HBs, while the 
surrounding thymic medulla and cortex showed no 
reactivity. A weak activity was observed in HBs for 
alkaline phosphatase, but quite strong activity was 
detected in the adjacent RE cells and capillaries of 
the surrounding medulla. Because most of the HBs 
were nearly completely negative for alkaline 
phosphatase, some authors have assumed that the 5- 
nucleotidase activity was tissue-specific and not due 
to other phosphatases (128, 129). Other studies in 
human thymuses have described the presence of acid 
phosphatase, esterases, (3-glucorinidase and alkaline 
phosphatase in RE cells comprising the HBs, but the 
absence of 5'-nucleotidase and ATP-ase activity 
(130). A direct correlation between the distribution 
of succinic dehydrogenase (SDH) and of sulphydryl 
groups was observed, and this demonstrated that the 
sulphydryl groups are necessary for the enzymatic 
activity of SDH (124). 

D'Anna (120, 131) observed the thymic tissue of 
Gallus domesticus, Carvia cobaya and Ovis for a- 
naphthylesterase (ANE) and leucine-aminopeptidase 
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(LAP) activity. The two enzymatic reactions were 
positive when the bodies were already concentric 
and lamellar. LAP was localized in the HB of Gallus 
domesticus from the earliest growth stage, but it is 
now known that in the initial stages of growth, the 
bodies require a high level of activity from all 
enzymes. The process is not the same in different 
species, but the elements implicated in the genesis of 
HBs were marked by both ANE and LAP. The 
differences in species-related patterns may be related 
to the massive initial enzymatic activity in the 
formative process, which at least in children does 
not seem to be destined for fulfillment. 

In human thymic tissue observed 
histoenzymologically, a weak activity was 
determined in the HBs for the enzymes necessary in 
the normal metabolism of cells, such as SDH and 
lactate dehydrogenase (LDH). The activity was 
relatively stronger in the hypertrophied RE cells 

(132) . The activity of glucoso-6- 

phosphatdehydrogenase, a key enzyme of the 
pentose shunt, was observed to be weak. Non- 
specific esterase, on the other hand, showed a 
moderate activity in the RE cells of the HBs. The (3- 
D-glucorodinase yielded moderate positive results in 
the central, degenerating part of the so-called 
regressive type HBs. These hydrolytic enzymes are 
of lysosomal nature. The activities of ANE and 
adenosine-triphosphatase (ATPase) were indicated 
by dark areas in the peripheral layer of 
hypertrophied RE cells. The enzymes NADH- 
diaphorase, NADPH-diaphorase, and NADP-IDH 
also showed marked activity. The reaction of the 
intramitochondrial enzyme NAD-1DH was 
moderate. The DDD-reaction of Barnett & Seligman 

(133) demonstrated sulphydryl and disulphid groups 
of the protein in the central lamellae of the HBs after 
reduction of the SS-groups in 0.5 M-thioglycolic 
acid (pH 8.0). The peripheral layer of hypertrophied 
RE cells stained weakly pink, but all of the 
lymphatic elements were characterized by a uniform, 
pink stain. The reaction for disulphide groups was 
very weak. A recent study has identified the 
presence of acid cysteine proteinase inhibitor (ACPI 
or cystatin A) in the thymic medullary RE cells and 
in the HBs (134). The epithelial character of cystatin 
A positive thymic cells has been established 
immunocytochemically employing anti-cytokeratin 
and anti-epithelial membrane antigen (EMA) 
MoABs. ACPI is a protein, which is also present in 
the skin and in the dendritic accessory cells of 
lymphatic tissues. 

In conclusion, during our systematic study on 
212 human embryos and fetuses we were able to 



define positive reactivity for all observed enzymes in 
the peripherally located cells of the HBs, comprised 
of hypertrophied RE cells (92, 93, 135). Therefore 
we may conclude that these cells are in a state of 
very high biological, i.e. metabolic and humoral, 
activity. On the other hand, as was already 
mentioned above, in their advanced stage of 
development, the central core of HBs were often 
filled with cellular debris, partly necrotic, 
disintegrated cellular elements, in which the 
metabolic process had almost ceased. 
Histochemically we also detected the presence of 
basic non-histone protein, PAS positive substance 
(glycogen) in the outer cell layer of HBs (Fig. 22) 
and acid mucopolysaccharides, which were confined 
to only the central core. The expression of the 
histone HI gene (Hl.l) was studied in several 
human tissues employing in situ hybridization (ISH) 
and Northern blot analysis (136). It was revealed 
that this gene was present in the thymus and in the 
testes. ISH experiments detected a cell-type-specific 
expression of the histone Hl.l gene in thymic HBs. 
Acid mucopolysaccharides were detected by special 
stainings, which demonstrated their presence with a 
deep blue color, arranged in the central concentric 
lamellae. Naturally, non-sulfated mucosubstances 
were also present because the staining with alcian 
blue at pH 1.0 was negative. As we already 
mentioned above the intra- and extracellular, 
centrally located lipid granules determined the 
presence of active cell destruction within the HBs. 



5. IMMUNOFLUORESCENCE AND 
IMMUNOHISTOCHEMICAL 
OBSERVATIONS 

The rapid advance in antibody production 
technology, especially the invention of novel 
MoABs has opened the gate to a new era of 
histology on the molecular level. The 
immunohistochemically detectable antigenic 
epitopes of certain cell lineage specific 
macromolecules have aided our understanding of the 
true origin and tissue distribution of a number of 
thymic cells. During the past three decades, two- 
hundred chemical groups of the thymus have been 
detected in HBs employing immunofluorescent 
techniques. Indirect immunofluorescence was 
observed in children and adult thymic tissue after 
treatment with antisera of active cases of pemphigus 
vulgaris (137). Fluorescent staining via binding of 
pemphigus autoantibodies to the intercellular 
substance (ICS) in HBs, was seen in all investigated 
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thymic tissues. The large deposits of ICS within the 
HBs produced a fluorescence pattern often detected 
in the so-called " epithelial pearls" in well 
differentiated squamous cell carcinomas (138). 
Presence of ICS was never demonstrated in any 
normal mammalian tissue, except for the squamous 
epithelium (139). The medullary RE cells not 
adjacent to the HBs never demonstrated presence of 
ICS immunofluorescence. These findings represent 
strong evidence that the HBs are composed of 
squamous, medullary RE cells. The three well 
characterized thymic hormones, Thymulin or 
Facteur Serique Thymique [FTS (140-142)], 
thymosin-a and thymopoietin (143) have also been 
detected in HBs. These results have led to the 
conclusion that HBs possess an active secretory role 
and thereby may participate in the intrathymic 
maturation of T-lymphocytes. Furthermore, it is 
significant that immunocytological evidence for the 
simultaneous presence of all three thymic honnones 
in the same RE cells of the human thymic 
microenvironment has also been defined and 
published (144). 

Drenckhahn and co-workers (145) employed 
anti-smooth-muscle myosin and anti-actin antibodies 
for immunofluorescent microscopic observation of 
the human thymus. The concentrically arranged cells 
comprising HBs demonstrated strong 
immunoreactivity with both antibodies, but the 
intense immunofluorescence also defined antigen 
expression in some RE cells. Epidermis specific 
antigens have also been identified in thymic RE cells 
and in the peripheral layers of HBs (146). Laster and 
co-workers (147) have established the presence of 
specific keratins involved in early and advanced 
stages of epidermal keratinocyte maturation in 
thymic RE cells. The immunohistochemical 
characteristics of the human thymic cellular 
microenvironment have also been observed with 
extensive panels of poly- and monoclonal antibodies 
(99, 148-157). Obviously, cell lineage specific 
immunoreactivity of various antibodies has served 
well in assessing cell differentiation (maturation) 
pathways and/or the origin of cell types. Thymic RE 
cells, both cortical and medullary, are epithelial in 
origin and nature (e.g. they contain tonofilaments 
and desmosomes) and the reticular appearance of 
these cells have not been sufficient to confirm their 
mesenchymal derivation. The endodermal region of 
the third pharyngeal pouch, the place of origin for 
medullary RE cells, is frequently arranged in a duct- 
like manner and undergoes keratinization and 
transformation into squamous epithelia (158). 
Lobach and co-investigators (99) developed four 



MoABs (anti-TE8, anti-TE15, anti-TE16, and anti- 
TE19) that selectively demonstrated 
immunoreactivity with human HBs. TE8 and TE16 
reacted with the hypertrophied cells of the outer cell 
layer of HBs. MoAB TE19 stained the entire cellular 
content of HBs, as well as the medullary RE cells 
adjacent to the HBs. More than 90% of the HBs 
displayed immunoreactivity with MoAB TE15. 
Three of these antibodies, TE8, TE16, and TE19 
also reacted positively with the stratum granulosum 
while TE15 reacted with the stratum corneum of 
human skin. Employing these same antibodies, we 
also defined the HBs as antigenically distinct parts 
of the thymic secretory cell microenvironment. It 
seems that immunoelectron microscopy on thymic 
thin sections may be the best method to identify 
stromal cell IPs (159). The employment of MoABs 
against Mac-1 and Mac-2, which were developed 
against macrophage antigens, as well as a MoAB 
against MHC class II antigen determined the IP 
differences between macrophages and RE cells and 
bone marrow derived thymic stromal cells. The 
macrophages were Mac-1 , Mac-2 , and only 50% of 
them showed la positivity. The cortico-medullary 
interdigitating cells (IDC) were characterized by a 
la , Mac-1 and Mac-2 IP (160, 161), while RE cells 
displayed cell surface immunoreactivity with la, but 
neither Mac-1 nor Mac-2. These results strongly 
suggest that macrophages and IDCs are derived from 
a common precursor stem cell. A recent study has 
described the use of a novel panel of four MoABs to 
classify subsets of cells within the thymic 
microenvironment, two for medullary RE cells and 
HBs (His-39 and RMC-20) and two for cortical RE 
cells (His-37 and RMC-17). On the 15th day of 
gestation, MHC class I and class II molecules can 
also be identified on thymic RE cells, although they 
reach their highest density around birth (162). 

In our immunocytochemical observations, 
MoAB UJ 308 has been defined to react positively 
with cell surface receptors on immature myeloid 
cells and mature leukocytes. A strong 
immunoreactivity employing this MoAB was 
observed in the HBs in frozen tissue sections. 
Therefore, it is possible that certain leukocytes may 
contribute to the formation of HBs. The central core 
of the HBs also demonstrated strong expression of 
antigens detectable with MoABs UJ 308 and UJ 
223.8 and this reactivity was independent of the 
presence of necrotic cellular changes. The 
hypertrophied, physiologically active RE cells of the 
peripheral cell layer of the HBs reacted positively 
with medium to strong intensity when stained with 
MoABs UJ127.il, J1153, A 2 B 5 , 215.D11, and 
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275. G7. These results further suggest that HBs are 
not exclusively degenerative structures (163). The 
employment of MoAB A.B. defined the presence of 
active endocrine, peptide secreting RE cells 
associated with or embedded in the structure of the 
HBs. 

In fetal thymic tissue, over 90% of the 
hypertrophied RE cells that were located in the outer 
core of the HBs expressed TGF-(3 type II receptors 
(TGF-(3lIRs). A markedly decreased proportion of 
RE cells within the HBs of postnatal thymuses 
demonstrated presence of TGF-pIIR: only 10 to 50% 
during the early postnatal period which decreased 
further to between 1 and 1 0% during the first year of 
age (164). High density of this growth factor 
receptor was also established in medullary RE cells 
adjacent to the HBs. 

The homeobox genes are a family of nuclear 
regulatory genes encoding transcription factors, 
which possess the capability of both autoregulation 
as well as activation and inactivation of other genes. 
The recently detected expression of the homeobox 
gene products B3, B4, and C6, transcription factors 
involved in developmental processes related to 
hematopoiesis within HBs provides further evidence 
that HBs are important functional components of the 
RE cellular microenvironment of the thymus which 
provide developing thymocytes with paracrine and 
juxtacrine signals to ensure their proper functional 
maturation during the intrathymic lymphopoiesis 
(165, 166). Their presence during the postnatal 
thymic histogenesis (up to 21 years of age) 
represents immunocytochemical proof that active 
intrathymic lymphopoiesis and selection remain very 
much intact (Figs. 19 and 20). 



6. TEM AND SEM OBSERVATIONS OF 
HBS 

Ultrastructural observations have led to thorough 
descriptions of the structure of HBs. Two types of 
medullary RE cells, keratinized and vacuolated, are 
present on days 14-15 of intrauterine development in 
rats. These two cells subsequently differentiate into 
hypertrophied RE cells and into small HBs (162). 
Small HBs, comprised of a central cell surrounded 
by flattened RE cells have been detected in these 
studies (167-170). Centrally located flattened, 
concentrically arranged, disintegrated cellular 
elements without nuclei have been observed on a 
regular basis in HBs (171-173). Some of these cells 
were separated by a widened intercellular space 



lined by short microvilli. These structures showed 
secondary developmental changes and a cleft-like 
space around the periphery of several HBs. The 
presence of vacuolated cells around the central core 
of the HBs also represents a typical TEM finding. 
Peripherally, there was a layer of hypertrophied RE 
cells with large electron lucent nuclei and a spongy 
cytoplasm, containing bundles of filaments. The 
central lamellae were tightly packed with filaments. 
The cells in these regions were observed to have a 
thickened plasma membrane with a thickened inner 
leaflet. The RE cells in the periphery contained 
large, pole nuclei with one or two nucleoli (174, 
175). Their cytoplasm was filled with free 
ribosomes, sparsely scattered elements of the rough 
endoplasmic reticulum, and numerous mitochondria. 
A Golgi apparatus was rarely observed. Bundles of 
tonofilaments, (3-granules of glycogen, vacuoles of 
varying sizes, and numerous granules of different 
electron density were also present. Glycogen 
deposits appeared more frequently in the most 
peripheral cells of the HBs. A very interesting 
finding is that these outer cells had only a few 
tonofilaments, while in those located centrally, the 
tonofilaments assembled into tonofibril bundles. 
Frequently, the cells of the HBs were connected by 
cytoplasmic processes and desmosomes. 
Keratohyaline deposits were detected in the more 
centrally located cells. In some hypertrophied RE 
cells, membrane-bounded granules about 0.2 pm in 
diameter were found. They contained a fine granular 
substance and resembled mucous granules described 
by Parakkal (176), Hirokawa (177), and Lavker and 
co-workers (178). Within regressive HBs, vacuoles 
appeared in central core cells during advanced stages 
of cellular disintegration, and the cells were more 
widely separated from each other. 

Our TEM observations support the light 
microscopic and ultrastructural interpretation of 
other authors, that the HBs are formed from 
keratinized stratified squamous epithelium (92, 93, 
102, 103, 179). The changes detected in the cellular 
components of the HBs correspond closely to those 
described in keratinizing epithelia of the epidermis 
(180, 181). All stages of cell differentiation were 
observed, ranging from normal RE cells, to RE cells 
showing characteristics of the cells of the stratum 
spinosum, and finally, to sheets of keratin-like 
material. The desmosomal contacts of peripheral 
hypertrophied RE cells with the central concentric 
lamellae revealed the same structure as described 
between the cells of the stratum granulosum and 
stratum corneum of the epidermis (174). The 
desmosomal junctions of the central concentric 
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lamellae correspond to the same junctional 
structures connecting the cells comprising the 
stratum comeum of the epidermis. Tonofilament 
synthesis was observed in the hypertrophied RE 
cells. The small membrane-bounded granules with a 
lamellar substructure which were detected in some 
cells of HBs were found to be ultrastructurally 
identical to the lamellar or membrane coating 
granules of the spinous cells of various keratinizing 
epithelia (103, 174, 180, 182, 183), and their 
presence has been regarded as strong ultrastructural 
evidence of keratinization. The numerous, large 
desmosomes, well developed bundles of cytoplasmic 
tonofibrils, and the large and characteristic 
keratohyalin granules, described above, lend further 
ultrastructural evidence to support the hypothesis 
that the HBs are composed of cells of keratinized 
squamous stratified epithelium. We also observed 
long cytoplasmic processes originating from 
medullary RE cells and directly contacting thymic T 
lymphocytes and accessory antigen presenting cells 
(macrophages, dendritic cells, interdigitating cells, 
Langerhans cells, etc.) by the employment of 
scanning electron microscopy (SEM). 



7. THYMIC OBSERVATIONS UNDER 
VARIOUS EXPERIMENTAL 
CONDITIONS 

Several authors observed the atrophy of the 
thymus in malnourished children (79, 184-186). 
Jonson (187) in his experiments on starving animals 
suggested the existence of two types of HBs during 
acute thymic involution, progressive and regressive: 

"Eine Andeutung davon, daB die 
einzelligen Formen durch die Degeneration der 
Zellen verschwanden, habe ich nicht beobachten 
konnen. Ich bin daher geneigt anzunehmen, dab 
ihr relativ schnelles Verschwinden ganz einfach 
auf einen atrophischen Prozess beruht, wodurch 
sie den Character gewohnlicher 

Retikulumzellen wiedererhalten Von den 

mehrzelligen Korperchen scheinen die kleineren 
Formen wohl auch teilweise durch 
Verkleinerung der Zellen und dadurch bedingte 
Dissoziation eine Auflockerung zu erfahren. Die 
groBeren Formen degenerieren gewohnlich in 
ihren zentralen Teilen: die Zellen zerfallen dort 
und losen sich auf, wahrend die peripheren 
Zellen nicht selten sich konzentrisch abplatten 
und um die entstandene Hohlung herum eine 
Art epithelialer Bekleidung bilden, in solchen zu 
Cysten umgewandelten Hassal'schen 
Korperchen scheinen. Lymphozyten mit einer 
gewissen Vorliebe sich anzuhaufen." 



Hammar (51), in his book written concerning the 
advances in thymic research during the early part of 
this century, shared some of his conclusions: 

"...die Grundzuge der regressiven 
Veranderungen der Hassall'schen Korper.: die 
Hypertrophie der lebenden Zellen wird 
riickgangig, und sie nehmen den Character von 
gewohnlichen Retikulumzellen wieder an. Die 
geschadigten oder schon abgestorbenen Zellen 
werden in verschiedener Weise resorbiert....die 
kleinen Hassall'schen Korper bei ihrer 
Riickbildung ins Retikulum gleichsam aufgelost 
werden, konnen die peripheren lebenden Zellen 
bei groBeren Korpem mit mehr oder weniger 
zahlreichen abgestorbenen Zentralzellen sich 
bei der Riickbildung verhalten." 

He stated that a cystic type HB, by definition, 
always has a regressive character. A quarter of a 
century ago, repeated starving experiments defined 
acute thymic involution in mice (188). The acute 
involution of the thymus, which may occur as a 
result of malnutrition or significant stress, was 
termed "accidental" and may be responsible for the 
consequent immunodeficiency, as well as the 
absence of HBs (189). 



8. CHANGES IN THE CELLS OF THE 
THYMIC MICROENVIRONMENT 
AFTER IRRADIATION 

Hammar (51) found a very early x-irradiation 
experiment in the thymic literature: 

"Schon 1909 hatten Aubertin und Bordet 
bei der Bestrahlung von neugeborenen Katzen 
und Hunden eine solche VergroBerung von 
ungeheuren Dimensionen angegeben. Schon am 
3. Tage nach der Bestrahlung sind die Korper 
10-15 mal groBer, und immer mehr mit 
Zelltrummem beladen, wachsen in der Folge 
weiter, konnen dabei das siebenhundertfache 
der GroBe der Korper der unbestrahlten Tiere 
erreichen und seltsame Formen annehmen.." 

A rapid, accidental involution of the thymus 
following total body irradiation (TBI) was reported 
by Regaud and Cremieu (190) in cats. They found 
that on the fifth day after TBI the HBs were 4-5 
times larger than normal. Between post-irradiation 
days 8 and 13, the HBs grew giant and represented 
about half of the involuted thymic parenchyma. As 
conclusions, the authors stated that the bodies arose 
from the medullary RE cells, but they did not make 
any comment on the origin of these cells (i.e. 
whether they were epithelial or mesenchymal). 
Malkina (191) provided a detailed summary of the 




104 



Chapter 5 



various morphological changes in HBs following x- 
ray exposure. Jaroslow (192) published evidence 
obtained during a study of total antigen distribution 
in the thymus, supporting the blood vessel origin of 
HBs. Autoradiographic analyses of the thymus after 
i.v. injections of polymerized flagellin (labeled with 
"I) demonstrated that the label was located 
exclusively to the wall and lumen of the capillaries. 
In Jaroslow's experiments, new development of HBs 
around occluded vascular segments was only 
demonstrated following total body irradiation (TBI). 
Stimulation of thymic histogenesis and rapid cell 
differentiation within the thymic microenvironment 
following a whole head exposure to x-irradiation 
was demonstrated in rats by Maor & Alexander 
(193, 194). The possible role of growth hormone in 
this overall tissue activation has also been discussed. 

In our experiments on dogs after TBI employing 
400 rad, we observed a reduction in the number of 
HBs during the first few days (195). 
Characteristically, the HBs showed a considerable 
variety of morphological alterations. There were 
small bodies consisting of one or two basophilic 
cells. In the cytoplasm of these cells, we frequently 
detected small basophil granules of uniform size. On 
the 10th, 20th, and 30th days after TBI, the number 
of HBs in the thymus fell, both in the zone adjacent 
to the damage and in the areas remote from it, and 
this overall alteration of thymic architecture was best 
observed on the 30th day following TBI. After local 
irradiation at all stages of repair, the number of HBs 
and their dimension showed the same changes as 
after TBI. During the first days after x-ray 
irradiation, particularly in the zone distant from the 
damage, large HBs were most commonly 
encountered and they consisted of swollen cells with 
large nuclei which quite frequently extruded drops 
of chromatin. In the cytoplasm of these cells, we 
observed numerous vacuoles or clumps of basophilic 
material. Our local, thymus directed, irradiation 
experiment resulted in the hyperprogression of the 
HBs observed in a late stage of tissue repair and 
organ reorganization. In the involuted, cell deficient 
and reorganized thymic tissue, some large to giant 
HBs were found (195) (Fig. 7). 

8.1 Experimental hormonal treatment - 
formation of new HBs 

Ross and Korenchevsky (196) described new 
fonnation of HBs in gonadectomized rats after 
treatment with estrogens or simultaneous injection 
of male and female hormones, but not after 
treatment with male hormones alone. Plagge (197) 



reported their new formation in normal rats after 
injection of estrogen for long periods (4-10 months). 
In his observations, the HBs reached a considerable 
size with a marked tendency for cyst formation. 
Ross and Korenchevsky (196) classified their result 
as a tissue-specific, functional effect of the 
estrogens, since hyperplasia of numerous epithelial 
structures occurred after the hormonal treatment. 
This effect has also been reported earlier in 
connection with the seminal vesicles (196), the 
urinary bladder (198), and the uterus (199). 

Newly organized HBs have also been located in 
rats following injection of fatty substances for two 
months, but this stimulation is most likely non- 
specific since no RE cell hyperplasia was registered. 

8.2 Physiologic role of HBs 

The role of the thymus in cellular immunology 
has been evaluated extensively during the past four 
decades (4). Naturally, there remain many open 
questions concerning the significance and 
physiological role of HBs. Gitlin, Landing, & 
Whipple (200) demonstrated the presence of 
homologous albumin and y-globulin in human 
thymic HBs. Kouvalainen (201) also noticed the 
presence of y-globulin containing cells in the 
peripherial lamellae of the HBs. He evaluated the 
significance of cell destruction within the HBs and 
presented two hypotheses: ”1) Hassall's corpuscles 
destroy cells that are dangerous to the organism; 
and 2) Cells are destroyed in Hassall's corpuscles in 
order to have some key material for the function of 
the thymus or other lymphoid organ. " The first 
hypothesis is supported by the clonal selection 
theory of Burnet (202-205). The y-globulin 
containing cells within the HBs may represent 
abnormal RE cells directing the production of 
autoreactive clones of T lymphocytes within the 
thymus. This theory would require more cells 
undergoing destruction in the HBs of patients 
suffering from autoimmune diseases. The synthesis 
or storage of immunoglobulins in HBs has also been 
reported as one of their functional roles (200, 201, 
206-210). 

Some experiments have led to the opinion that 
the HBs' main function might be the phagocytosis 
and storage of various antigens (177, 206-209, 211, 
212). Phagocytic behavior of and cell disintegration 
within the HBs has been demonstrated in the thymus 
of guinea pigs following local, thymus directed x- 
ray irradiation (207). Concurrent local irradiation 
and i.v. injection of a carbon-containing contrast 
substance has demonstrated that HBs are able to take 
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up carbon as early as 3 hours after such experimental 
treatment. The concentration of the carbon reached a 
maximum on the fourth day after treatment, 
remained detectable for another 7 to 10 days, and 
was then eliminated by migrating macrophages 
simultaneously with the disappearance of a majority 
of the HBs. New HBs were formed by day 21, 
restoring normal medullary structure. The 
phagocytic HBs that remained functional even after 
treatment were found to be free from carbon after 28 
days. 

8.3 The thymus in tissue culture 

All classic in vitro studies, conducted by Wassen 
(213), Popoff (77, 78), Tschassownikow (214, 215), 
Murray (216), Mandel & Russell (217), Mandel el 
al. (218), Pyke & Gelfand (219), Papiemik et al. 
(220), Kmisbeek (221, 222), and Ito et al. (223) 
investigated the differentiation of thymic RE cells, 
their effect on T lymphocyte maturation, and the 
new formation, histogenesis, and structural 
progression of HBs under tissue culture conditions. 
All of these experimental in vitro observations have 
determined that the thymic HBs are derived from 
medullary RE cells. The cellular heterogeneity of 
thymic RE cells has been analyzed in murine thymic 
cultures (224). Several human thymic cultures 
containing either pure mesodermally derived cells, 
pure endodermal RE cells or RE cells of ectodermal 
origin have been studied immunocytochemically to 
characterize their IP (225). In our in vitro studies, we 
were unable to observe the new formation and 
histogenesis of HBs, despite the exclusive presence 
of large, flat and vacuolated RE cells. It is possible 
that additional cell to cell interactions with cells of 
different derivations may be necessary for the 
development of HBs. 

Jaffe & Plavska (90) first reported the immediate 
cell death and cellular reorganization following 
thymic tissue transplantation in young guinea pigs: 

"...die Riickbildung der alten Hassallschen 
Korper als die Bildung neuer solcher Korper aus 
dem iibriggebliebenen Epithel. Etwa am 5. Tage 
begann der letztere Vorgang, wahrend die 
Lappchen erst am 10. Tage lymphoiden 
Charakter und um den 14. Markdifferenzierung 
zeigten." 

In our transplantation experiments in C57B1 and 
DBA2 mice following thymectomy, the thymic graft 
placed under the kidney capsule first underwent 
acute (accidental) involution during which the HBs 
diminished in size and number. After five days, we 
found numerous newly developed, unicellular HBs. 



8.4 HBs in human diseases and patho- 
biological conditions 

Hammar (226) described that in cases of acute 
infectious diseases (diphteria, poliomyelitis anterior 
acuta, scarlatina, measles, whooping cough, and 
influenza); the HBs were markedly increased in size 
and number, and that at the onset of disease they 
usually disappear. Because of such evidence it has 
been concluded that the HBs exist for the purpose of 
neutralizing toxins circulating in the peripheral 
blood. It might also be possible that during 
infectious diseases, a more frequent formation of 
forbidden lymphocyte clones occurs in addition to 
the development of specific antibodies and cytotoxic 
T lymphocyte clones against the causative organism. 
Possible autoantibodies seem to appear in 

connection with vaccination (227). Kouvalainen 

(201) also speculated: 

"The infectious changes in Hassall's 
corpuscles might also be explained, however, 
according to the second theory mentioned 
above. It has been shown that some breakdown 
products of deoxyribonucleic acid enhance 
antibody production and increase host resistance 
to various pathogens (Braun et al., 1962). It 
might be thought that by the destruction of cells 
in Hassall's corpuscles important nucleic 

material is given to the antibody-forming cells. 

The cells under destruction might have in 
themselves essential information about the 
pathogens for which antibodies will be 
produced. It is said that the nucleic acids of 
lymphocytes will generally be reutilized in the 
lymphatic organs (Hill, 1961; Krumpf, 1963). 

The phenomena in the thymus described here 
might be a form of that general process." 

The observation of the existence of a correlation 
between thymic pathology and the histogenesis of 
myasthenia gravis (MG) commenced half a century 
ago (228, 229). In MG, most HBs are rich in y- 
globulin loaded cells (230, 231). A direct correlation 
was sought between thymic tissue infection and the 
development of myasthenia gravis (232). Other 
papers discussed the significance of thymic extract 
effects on neuromuscular junctions (233-237). A 
systematic TEM observation demonstrated the 
presence of striated muscle cells in the thymus of 
reptiles and birds (238). During our studies, we also 
found striated muscle cells in the developing human 
thymus. A detailed immunohistochemical analysis, 
carried out by Zoltowska (239) on myasthenic 
thymic tissue, demonstrated that in this pathological 
condition the HBs originate from medullary cells of 
a different derivation. One of these cells has 
monocytogenic characteristics and it belongs to the 
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interdigitating cell (IDC) accessory cell population 
(160). IDCs have been found to develop and mature 
from macrophages in both fetal and postnatal rat 
thymic tissues (240). The common derivation of 
granulocytes, macrophages, and dendritic cells from 
an MHC class II-negative precursor cell in bone 
marrow has also been established (241,242). Desmin 
and S-100 positive cells, possibly dendritic cells, 
with elongated forms were also found incorporated 
within growing HBs (243). Polyclonal keratin and 
cytokeratin has been detected in large HBs and in 
the cells of the RE network. 

The presence of large HBs, containing 
vacuolated cell remnants, has been reported in both 
thrombotic thrombocytopenic purpura (244) and in 
congenital nephrotic syndrome (227). The 
morphological status of the thymus demonstrated the 
typical changes associated with chronic involution 
with atypical cell distribution and presence of few, 
large sometimes cystic HBs full of disintegrated 
cellular debris (245-249). 

The development of autoimmune hemolytic 
anemia following thymectomy and appendectomy in 
rabbits (250) might be explained as a process of 
eliminating the forbidden clones previously confined 
to the HBs. 

Changes in HBs during thyreotoxicosis (251, 
252) may represent signs of an increased rate of 
metabolism and cell destruction. It is certainly also 
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Figure 1. Dog prenatal thymus (49 days of gestation; 118 
mm long fetus). Schaffer fixation. Methacrylate 
embedding. Hematoxylin, eosin staining. Three RE cells 
are grouped in the thymic medulla. This represents the 
initial stage of HB formation. Magnification: lOOOx. 



possible that the rise of forbidden receptors 
(antigens) leads to the formation of anti-thyroid 
autoantibodies by the newly differentiated and 
activated plasma cells. 

Marshall and White (253) found an 
accumulation of circulating antigens in the HBs of 
guinea pig following injury to the thymus. They also 
described a high concentration of antibody within 
the HBs, following direct antigen input into the 
thymus. 

In Swiss type ctjglobulinemia, the thymus 
demonstrates marked lymphopenia (typical 
alterations of a chronic involution) and the HBs are 
decreased in number and size or these concentric 
structures are completely absent (254, 255). A 
similar, but stronger disintegration of the typical 
cell-tissue structure of HBs has also been observed 
in patients with early and advanced cases of 
acquired immunodeficiency syndrome (AIDS) (256). 
During the clinical course of AIDS, acute thymic 
involution progresses to chronic, and the cellular 
architecture of the thymus is destroyed in toto. 




Figure 2. Human prenatal thymus (5th lunar month; 21 cm 
long fetus). Schaffer fixation. Methacrylate embedding. 
Gomori impregnation. A well formed, progressive 
developing large HB in the thymic medullary 
microenvironment. The RE cells incorporated within this 
HB are exhibiting the cellular hypertrophy typical for this 
stage of development of the HB. New RE cells, adjacent to 
the concentric body, are involved in the progressive 
growth of the HB. Magnification: 400x. 
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Figure 3. Human prenatal thymic ontogenesis (5th lunar 
month; 21 cm long fetus). Schaffer fixation. Methacrylate 
embedding. Giemsa staining. A large, progressively 
growing HB in the thymic medulla. The involvement of a 
number of RE cells is well demonstrated. The mitosis of a 
RE cell at the periphery of the HB identifies the active 
development and function of thymic bodies. Therefore, the 
HB in itself cannot be considered a degenerative structure, 
although cellular destruction may occur within its core. 
Magnification: 400x. 



Figure 5. Human prenatal thymus (6th lunar month; 28 cm 
long fetus). Schaffer fixation. Methacrylate embedding. 
Giemsa staining. Part of a very large (also called "giant") 
HB in the thymic medulla. This giant HB was formed via 
accumulation of a number of other large HBs, a special 
form of progressive growth. Eosinophilic leukocytes have 
also been incorporated within the cellular composition of 
this HB. Magnification: 400x. 
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Figure 4. Human prenatal thymus (6th lunar month; 28 cm 
long fetus). Schaffer fixation. Methacrylate embedding. 
Gomori impregnation. A number of neutrophilic 
granulocytes are involved in the progressive growth of the 
HB structure. The hypertrophy of some RE cells is also 
evident. Magnification: 400x. 



Figure 6. Postnatal dog thymus (4 days after birth; 17.5 
cm long). Schaffer fixation. Methacrylate embedding. 
PAS staining. PAS positive granules in the RE cells and 
located extracellularly. Magnification: lOOOx. 
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Figure 7. Postnatal human thymus (3 years of age). Frozen 
section. Alkaline phosphatase conjugated immunostaining 
employing the mouse, anti-human MoAB AE2. 
Immunocytochemical demonstration of keratin expression 
in the cellular microenvironment of the thymic medulla. 
Two giant HBs are packed with cellular debris, 
demonstrating a strong presence of keratin. Magnification: 
200x. 
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Chapter 6 

Thymic Accessory Cells, Including Dendritic Type Antigen 
Presenting Cells, within the Mammalian Thymic Microenvironment 



Abstract: During mammalian ontogenesis, the thymic "pure" endodermal epithelial anlage develops and differentiates into a 

complex cellular microenvironment. Beginning the 7-8th week of intrauterine development, thymic epithelial cells 
chemotactically regulate (induce) numerous waves of migration of stem cells into the thymus, including the CD34 , yolk 

+ dim 

sac-derived, committed hematopoietic stem cells. In vitro experiments have established that CD34 CD38 human 

thymocytes differentiate into T lymphocytes when co-cultured with mouse fetal thymic organs. Hematopoietic stem cells 

+ 

for myeloid and thymic stromal dendritic cells (DCs) are present within the minute population of CD34 progenitors 

within the mammalian thymus. The common myeloid, DC, natural killer (NK) and T lymphocyte progenitors have been 

+ 

also identified within the CD34 stem cell population in the human thymus. Interactions between the endocrine and 
immune systems have been reported in various regions of the mammalian body including the anterior pituitary (AP), the 
skin, and the central (thymus) and peripheral lymphatic system. The network of bone marrow derived DCs is a part of the 
reticuloendothelial system (RES) and DCs represent the cellular mediators of these regulatory endocrine-immune 
interactions. Folliculo-stellate cells (FSC) in the AP, Langerhans cells (LCs) in the skin and lymphatic system, "veiled" 
cells, lympho-dendritic and interdigitating cells (IDCs) in a number of tissues comprising the lymphatic system are the 
cell types of the DC meshwork of "professional" antigen presenting cells (APCs). Most of these cells express the 
immunocytochemical markers S-100, CD1, CD45, CD54, F418, MHC class I and II antigens, Fc and complement 
receptors. FSCs are non-hormone- secreting cells which communicate directly with hormone producing cells, a form of 
neuro-endocrine-immune regulation. As a result, an attenuation of secretory responses follows stimulation of these cells. 
FSCs are also the cells in the AP producing IL-6, and they have also been identified as the interferon-y responsive 
elements. FSCs also express lymphatic DC markers, such as DC specific aminopeptidase, leucyl-p-naphthylaminidase, 
non-specific esterase, MHC class I and II molecules and various other lymphatic immunological determinants [platelet 
derived growth factor-a chain (PDGF-a chain), CD 13, CD 14 and L25 antigen]. There is strong evidence that such DCs in 
the AP, and similar ones in the developing thymus and peripheral lymphatic tissue are the components of a powerful 
"professional" antigen presenting DC network. These APCs contain a specialized late endocytic compartment, MIIC 
(MHC class II-enriched compartment), that harbors newly synthesized MHC class II antigens en route to the cell 
membrane. The limiting membrane of MIIC can fuse directly with the cell membrane, resulting in release of newly 
secreted intracellular MHC class II antigen containing vesicles (exosomes). DCs possess the ability to present foreign 
peptides complexed with the MHC molecules expressed on their surfaces to naive and resting T cells. There are a number 
of "molecular couples" that influence DC and T lymphocyte interaction during antigen presentation: CD ll/CD 18 
integrins, intercellular adhesion molecules (ICAMs), lymphocyte function associated antigen 3 (LFA-3), CD40, 
CD80/B7-1, CD86/B7-2, and heat-stable antigen. The "molecular couples" are involved in adhesive or costimulatory 
regulations, mediating an effective binding of DCs to T lymphocytes and the stimulation of specific intercellular 
communications. DCs also provide all of the known co-stimulatory signals required for activation of unprimed T 
lymphocytes. It has been defined that DCs initiate several immune responses, such as the sensitization of MHC -restricted 
T lymphocytes, resistance to infections and neoplasms, rejection of organ transplants, and the formation of T-dependent 
antibodies. In addition, DCs and specialized epithelial tissue structures (such as "the nursing" thymic epithelial cells - 
TNCs) may also be involved in direct, cryptocrine-type cell to cell interactions with the epithelial cells of the thymus. 
TNCs regulate the development of immature thymocytes into immunocompetent T lymphocytes by emperipolesis, a 

highly specialized form of cell-cell interaction in which immature thymocytes are engulfed by large thymic RE cells. 

+ + 

TNCs in vitro are capable to rescue an early subset of CD4 CD8 thymocytes from apoptosis at 32°C, the temperature at 
which binding and internalization were identified. This thymocyte subpopulation later matured to a characteristic IP at the 
double positive stage of T lymphocyte differentiation that is indicative of positive selection 



Key words: Dendritic cells (DCs); Antigen Presenting Cells (APCs); Folliculo-stellate cells (FSCs); Cytokines; Interleukin-4 (IL-4) 

action; Interleukin-6 (IL-6) production; Anterior Pituitary (AP); Neuroendocrine immunoregulation; Major 
Histocompatibility Complex (MHC) class II molecules; MIIC (MHC class II-enriched compartment, exosomes); 
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Adhesion molecules; Interdigitating cells (IDCs); Langerhans cells (LCs); Immunophenotype (IP); Birbeck granules; anti- 
CD 1 monoclonal antibody; GM-CSF; Langerin (CD207); Interleukin-2 (IL-2); Interleukin- 12 (IL-12); Tumor Associated 
Antigen (TAA); Granule-associated marker (Lag); Monoclonal antibody (MoAb); Granulocyte-macrophage colony 
stimulating factor (GM-CSF). 



1. INTRODUCTION 



1.1 The Dendritic Cell Network 

Immunophenotypically and functionally 
heterogeneous DCs are distributed throughout 
human lymphatic and the majority of non-lymphatic 
tissues and represent the most potent, "professional" 
antigen presenting cells (APCs), functioning as an 
integral part of the immune system (1-9). DCs can 
present complexes between peptides derived from 
exogenous antigens and MHC antigens expressed on 
their surfaces to resting T cells, thereby initiating 
several immune responses such as the sensitization 
of MHC-restricted T lymphocytes, the rejection of 
organ transplants, and the formation of T-dependent 
antibodies (10-15). DCs need to be activated in order 
to perform their antigen-presenting physiologic 
function (16). A retrovirally immortalized myeloid 
cell line (FSDC), generated from mouse fetal skin 
and bone marrow-derived DCs, was more effective 
in the pinocytosis of FITC-conjugated ovalbumin 
and dextran (FITC-OVA and FITC-DX) than B 
lymphocytes or macrophages, following treatment 
with granulocyte-macrophage colony stimulating 
factor (GM-CSF) and IL-4. Pretreatment with 
interferon-y (IFN-y) reduced pinocytosis, but 
increased the expression of MHC and co- 
stimulatory/cell adhesion molecules, and promoted 
the peptide or OVA protein presentation to naive 
CD4 T lymphocytes. It has been suggested that 
antigen uptake and antigen presentation in DCs are 
regulated by different cytokine signals provided by 
the surrounding cellular microenvironment. The 
cytokine IL-4, earlier named B cell growth factor 
(BCGF-1) or B cell stimulatory factor (BSF-1), for 
instance, exerts pleiotropic effects on a number of 
cell types (17). 

IP differences among DCs have been detected 
employing immunocytochemistry. Bednar (18) 
studied the immunoreactivity of resident DCs in 
twenty tissues, including lymphatic, skin, bone, soft, 
nervous, myocardial, lung, esophagus, stomach, and 
intestinal, among others, employing antibodies 
against CD34, F XHIa, F VIII, actin, CD68, S-100 
protein, HLA-DR, CD3, and OPD4. Three 



characteristic immunoreactivities of resident DCs 
were established: a CD34 subset of cells, another 
CD68 subset, which were phagocytic, and an S-100 
subset of cells. The ability of dendritic cells (DCs 
and LCs) in epithelial tissue structures to interact on 
a cell to cell level with epithelial cells was also 
noted (for instance in the thymic microenvironment), 
which may provide these cells with increased 
regulatory functions. DCs can also provide all of the 
known co-stimulatory signals required for activation 
of unprimed T lymphocytes and are the most 
effective, specialized APCs in the induction of 
primary T lymphocyte-mediated immune responses 
(19-20). Cells with a MHC class Il7CDla7CD3 
/CD14/CD20 membrane IP, typical for DCs, can be 
isolated from peripheral blood mononuclear cells 
(PBMC) in vitro by the addition of IL-4 and GM- 
CSF (21-23). IL-13 is as effective as IL-4, and 
combined with GM-CSF influenced the 
differentiation pathway of DCs in a comparable 
manner. Human DCs have also been generated in 
large numbers in vitro by culturing CD34 
hematopoietic progenitors in GM-CSF and tumor 
necrosis factor-a (TNF-a) enriched medium for 12 
days (24). On days 5 to 7, the DC progenitors 
differentiated into two subsets (CD la and CD 14 ) in 
tissue culture and these both matured between days 
12 and 14 into cells with a typical DC morphology 
and IP: CD80, CD83, CD86, CD58, and high HLA 
class II expression. CD la progenitors give rise to 
LCs, characterized by the presence of typical 
Birbeck granules and the expression of Lag antigen 
and E-cadherin. In contrast, CD 14 progenitors 
mature into DCs lacking Birbeck granules and the 
other two LC markers, but expressing CD2, CD9, 
CD68 and the coagulation factor XHIa, described in 
dermal DCs (25). Both mature DCs have been 
shown to be equally efficient in stimulating 
allogeneic CD45RA naive T cells. CD14 
progenitors are bipotent in nature, as demonstrated 
by their ability to differentiate into macrophage-like 
cells, lacking accessory function to T lymphocytes 
in response to M-CSF. Strobl and co-investigators 
(26) have recently reported that the factors necessary 
for DC growth in vitro are poorly characterized and 
that the cytokine combination of GM-CSF and TNF- 
a, and stem cell factor (SCF) in the absence of 
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serum supplementation is inefficient in inducing DC 
maturation (differentiation). The authors further 
demonstrated that transforming growth factor- (31 
(TGF-(3l) supplementation is required for substantial 
DC development in the absence of serum. Thus, 
CD34 (best known as an endothelial cell marker 
[27]) stem cells in serum free conditions required the 
following cytokine combination for differentiation 
into DCs: GM-CSF + TNF-a + SCF + TGF-(3. A 
significant number (21% ± 7%) of DCs grown in 
TGF-(3l supplemented, but not plasma 

supplemented medium showed presence of Birbeck 
granules and their marker, the Lag molecule. The 
presence of TGF-(3l in the culture medium also 
diminished the number of cells with monocytic 
features! Human DCs, with an 80-85% purity were 
also isolated from peripheral blood mononuclear 
cells (PBMCs) by negative selection for T 
lymphocytes, B lymphocytes, NK cells, monocytes 
and granulocytes (28-29). 

FSCs are an essential set of DCs in the AP, 
which are involved in cell to cell interactions and 
regulations between the endocrine and immune 
systems (30-32). The stellate-shaped FSCs are 
organized in a cellular network in the AP and are 
positive for S-100, produce interleukin-6 (IL-6) and 
are in intercellular contact with hormone producing 
cells, their stimulation generally resulting in the 
increase of secretory responses (31, 33-36). The 
presence of a network of lymphoid DCs, expressing 
a lymphoid DC specific aminopeptidase and MHC 
class II determinants has been reported in mouse, rat 
and human pituitaries (37). Since S-100 
immunoreactivity is also typical for lymphoid DCs 
(38), the subpopulation of S-100 positive pituitary 
FSCs may represent members of this class of DCs. 
This would mean that the pituitary FSCs derive from 
three distinct anlagen: neuroectodermal, ectodermal 
(oral anlage) and mesenchymal (lymphoid anlage). 
The multiple ontogenetic origin of the pituitary 
FSCs and their intermingling with lymphoid DCs 
allows us to distinguish a DC-FSC cell population at 
the level of the AP. Since these cells form a 
morphologically distinct cellular network and since 
a close functional inter-relationship between the cell 
groups has been documented (i.e. the synchronized 
increase of S-100 protein and MHC class II 
determinants during ontogenesis), it is probably 
better to consider them as a distinguishable cell 
clone. The increased levels of S-100 and MHC class 
II antigen expression in the pituitaries of 
autoimmune-prone BB/R rats raises further 
questions concerning a possible involvement of DC- 
FSCs in the development of autoimmune endocrine 



disorders (39). Several cytokines are now known to 
influence the release of AP hormones by acting on 
the hypothalamus and on the pituitary gland. IL-1, 
1L-2, IL-6, TNF-a and IFN-tau are the most 
important cytokines involved in the stimulation of 
the hypothalamic-pituitary-adrenal axis and the 
suppression of the hypothalamic-pituitary-thyroid 
and gonadal axes, as well as the release of growth 
hormone (40). The effects of acute and chronic 
(systemic) diseases on growth regulation, thyroid, 
adrenal and reproductive functions may, at least 
partially, be explained by the numerous important 
interactions between the neuroendocrine and 
immune systems. 

1.2 Accessory Cells of the Thymic Cellular 
Microenvironment involved in Antigen 
Presentation to Developing Thymocytes 

Research in molecular immunology over the last 
30 years has established the significance of 
lymphatic, antigen presenting accessory cells of 
dual, mesenchymal and bone marrow origin, which 
migrate into the endodermal thymic epithelial 
anlagen as stem cell waves, during early embryonal 
ontogenesis (8th week of intrauterine development) 
in the formation of a phenotypically heterogeneous 
thymic cellular microenvironment (41-46). The stem 
cells that migrate into the epithelial thymus are 
initially derived from pluripotent stem cells that 
reside in the embryonal yolk sac and later in the 
liver. Stem cells from the liver begin to colonize the 
bone marrow during the 16th week of intrauterine 
ontogenesis and, by week 22; all thymic 
hematopoietic progenitors are derived from the bone 
marrow (47-49). The human thymus contains a 
minute, CD34 CD38 Jm stem cell clone (<0.01% of 
the total number of thymocytes) that does not 
express the typical T lymphocyte lineage surface 
markers CD2 and CD5, nor Thy-1, but they do 
express high levels of CD45RA, demonstrating that 
this cell clone is distinct from the pluripotent 
CD34 CD38 Jm stem cell population (49,50). De novo 
appearance of CD45RA is in direct correlation with 
the disappearance of Thy-1. The majority of 
CD34'"' h Thy- l cells lack expression of CD45 and 
have been established as non-hematopoietic cells. In 
vitro experiments defined that CD34 CD38 human 
thymocytes differentiate into T lymphocytes when 
co-cultured with mouse fetal thymic organs (51-53). 
Hematopoietic stem cells for myeloid and dendritic 
cells are present within the CD34 thymic 
progenitors (54-57). When the progenitors lose 
CD34 expression, the presence of CD45RA is also 
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diminished and, in fact, further differentiated 
(matured) thymocytes acquire CD45RO (58). It has 
also been determined that the human CD34 CD5 
thymocyte clone contains bi-potential cell 
progenitors for T- and natural killer (NK) cells (59). 
The earliest, low CD4 precursors are involved in the 
generation of T and B lymphocytes, as well as NK 
and dendritic cells (DCs), but not myeloid elements. 
The next downstream precursor cell lineage during 
thymic development is characterized by a CD4 8 3 
44 25 IP and is still capable of forming DCs, as well 
as T lymphocytes, although it no longer has the 
ontogenetical potential to form B lymphocytes nor 
myeloid cells. Fink and Bevan (60, 61), Zinkemagel 
et al. (62, 63), and Beller and Unanue (64) among 
others held that thymic macrophages and the 
associated population of dendritic cells have a 
crucial physiological function in directing the T 
lymphocyte maturation pathway by having an 
instructional role (antigen presentation) in the 
generation of the T cell receptor repertoire. 

On the other hand, Oliver and LeDouarin (65) 
with their in vivo experimental grafting techniques, 
discovered that during thymic organogenesis, 
accessory cells (especially macrophages and DCs) 
migrate into the thymus at the same time as the 
initial colonization of the pure epithelial thymic 
rudiment by lympho-hematopoietic stem cells is 
taking place: on days 5-6 in quail and days 6.5-8 in 
chick embryos. The rapid proliferation of these 
precursors, along with the maturation and 
differentiation of various cell clone derivatives, 
which represent relatively mature accessory cells, 
occurs early during ontogenetical cell 
differentiation, only a few days after their initial 
entry (66). This was originally implied by Ewert and 
co-workers (67, 68), who described Ia + cells of the 
monocyte/macrophage series in 12 day embryonic 
chick thymuses. The evaluation of the cellular 
constituents of quail thymuses transplanted into 
chick hosts immediately after the initial infiltration 
by stem cells established that a significant 
proportion (30%) of the accessory cells in the 
thymus after 20 days still represented the progeny of 
the first wave of stem cells. This indicates that a 
large expression of the original accessory cell 
precursors takes place during embryonic life. The 
time when these cells stop dividing is not yet known. 

The presence of a substantial major 
histocompatibility complex (MHC) class II (la) 
positive macrophage population in the thymus 
follows the specific activation of T cells by foreign 
or self antigens. It is generally assumed that 
"educational" cell to cell and Immoral, in situ 



signals are provided by the cells that have migrated 
into the thymus to cortical, immunologically 
immature thymocytes, allowing for their 
differentiation into T lymphocytes. Somewhere 
along the differentiation and maturation pathways T 
cells learn to recognize antigen in the context of self 
MHC class I and class II molecules (MHC 
restriction and positive selection of T lymphocytes) 
(60-63, 69). Furthermore, T cells are also educated 
to be tolerant to self-peptides (tolerance induction or 
negative selection) (70-73). 

The normal physiological function of the non- 
lymphatic immunological accessory cells is the 
organization of a communication network between 
the thymus and other immunological parts of the 
mammalian organism. The recognition of an antigen 
by lymphocytes expressing the a(3 T cell receptor 
(TCR) requires the presence of 1) CD4 and CD8 co- 
receptors on mature helper and cytotoxic T cells, 
respectively and 2) MHC class I and class II 
glycoproteins complexed with small peptides on the 
surface of antigen presenting accessory cells (74). 
The role of class I and II MHC molecules (also the 
non-classical class I HLA-E, HLA-F, and HLA-G 
molecules [75]) is to bind small molecular peptides 
of proteolytically processed intracellular or 
extracellular proteins so that they can be recognized 
as antigens by the a [3 configuration of the TCR. The 
TCR possesses dual peptide-restricted specificity for 
the antigenic peptide and for the peptide bound to 
the MHC molecules (76). Other cell surface 
molecules of accessory cells involved in interactions 
with developing T cells have yet to be defined (69). 
The specific, unique and restricted role of each 
accessory cell type in the promotion of sequential 
stages of T cell maturation is poorly understood. 
These essential immunological mechanisms will 
certainly be defined in the near future with the aid of 
MoABs and molecular biological observations. 

1.3 Thymic Interdigitating Cells (IDCs) 

Interdigitating cells (IDCs) are specialized, bone 
marrow derived DCs, located in T cell domains of 
various human tissues (77-79). Von Gaudecker and 
Muller-Hermelink (41) identified the precursors, 
originally discovered in the human thymus by 
Kaiserling and co-workers (80), as large 
electronlucent cells with irregularly shaped nuclei 
(during the 10th week of ontogenesis). The same 
authors described the TEM characteristics of IDCs 
in an 85 mm long (third lunar month) human fetus: 
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"Large electronlucent cells with irregularly 
shaped nuclei are found in both the 
mesenchymal septa and in the presumptive 
medullary regions of the thymus primordium. 

These cells appear to be precursors of the IDCs, 
which have been described in the medulla of the 
prenatal thymus." 

When the already committed, lympho- 
hematopoietic progenitors come into contact with 
these IDC precursors, the IDCs develop small 
finger-like protrusions to assure more efficient 
contact between these cell types. 

A histochemical osmium-zinc iodide 
impregnation procedure has been reported for the 
identification of IDCs on semithin sections (81). 
IDCs in such a preparation appear as large dendritic 
elements containing numerous cytoplasmic 
protrusions with established structural contacts with 
lymphatic cells. Differentiating thymocytes have 
also been observed to be in intimate contact with 
IDCs. Kaiserling (80) was the first to describe this 
significant intercellular contact: 

"The surfaces of the IDC were in close 
contact with those of small lymphocytes, 
sometimes polysomal lymphatic cells, epithelial 
cells, and occasionally with those of lymphatic 
cells containing ergastoplasm." 

As stated above, IDCs are large cells with 
several cytoplasmic processes, which form an 
extensive three-dimensional network, which 
envelops maturating thymocytes (82). Aggregates 
between IDCs, maturating thymocytes and T 
lymphocytes represent the specialized 
microanatomical and functional units within the 
thymic microenvironment, which are crucial for T 
lymphocyte differentiation (82). 

The most significant TEM features of IDCs are 
an irregularly shaped, dichromatic nucleus, with 
very loosely arranged chromatin except for a small 
rim of heterochromatin along the inner surface of the 
nuclear envelope, and a nucleolus (not readily 
visible in all cases) which is often in an eccentric 
position. The cytoplasm contains single or groups of 
flat cistemae of the rough endoplasmic reticulum. 
Secretory vesicles are always present near the 
tubules of the Golgi complex. A number of 
mitochondria are distributed throughout the 
cytoplasm. Their characteristic cytoplasmic 
projections regularly "interdigitate" with other IDCs 
and several other cell types in the developing thymic 
medulla. One of the most important characteristics 
of IDCs remains that these mesenchymal cells are 
never connected to each other or to other cells by 
desmosomes (83-85). Immunocytochemical 



observations established the expression of MHC 
class I and II molecules, as well as several adhesion 
molecules, including intercellular adhesion 
molecule- 1 (ICAM-1), and lymphocyte function- 
associated molecules (LFA-3) on the surface of 
IDCs (86, 87). 

The well determined localization of IDCs within 
the thymus provides significant insight into their 
function. IDCs have been described in all of the 
many observations (including our material in dogs) 
to be located predominantly at the level of the 
thymic cortico-medullary junction, as well as in the 
deep cortex, but never in the subcapsular region. In 
guinea pig thymuses, Klug and Mager (88) found 
IDCs located mostly in the inner cortex, with 
kidney-shaped nuclei (with finely dispersed 
chromatin) and a thin layer of marginally located 
heterochromatin. The nucleolus in these cells was 
usually eccentric and small. These IDCs also 
contained all of the organelles in their cytoplasm, 
including lysosome-like bodies, and few 
ergastoplasmic and tubulovesicular structures. The 
most interesting cytoplasmic features were large 
electron-dense bodies (phagosomes) containing 
fragments of picnotic lymphocytes. Many finger-like 
processes for contact with other thymic cell types 
were also observed. Glycoprotein synthesis by IDCs 
has been discussed, but contact with thymocytes has 
always been described as their main physiological 
function. 

The phagocytic activity of IDCs is not of great 
importance when compared to macrophages, but still 
numerous ingested cells can be present in their 
cytoplasm. Klug (89) described such findings 
following irradiation of the rat thymus. Duijvestijn 
et al. (90-92) observed the phagocytic activity and 
the population development of medullary IDC and 
cortical macrophages following irradiation-induced 
acute tissue necrosis in the thymus. IDCs clearly 
demonstrated phagocytic activity sixteen hours after 
treatment, but this activity could be attributed to the 
fact that at this stage, the number of necrotic 
thymocytes was maximal and the total number of 
phagocytic cells was few and thus IDCs were 
recruited to phagocytize the necrotic material. In 
discussing their findings, the authors speculated on 
the possible similarities between IDCs and 
epidermal Langerhans cells. Miyazawa et al. (93) 
reported a twelve-fold increase in the thymic 
macrophage population in mice eight hours after 3 
Gy irradiation. The mammalian cell surface is rich in 
acidic sugars, such as sialic, hyaluronic, and 
chondroitic acids. The surface charges caused by 
these and similar molecules play an important role in 
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cell to cell interactions, such as phagocytosis. The 
negative surface charge of irradiated thymocytes 
was found to be enhanced within a few hours, as 
illustrated by the attachment of these cells to 
esterase positive thymic phagocytic cells through the 
reduction of the electrostatic repulsive forces. The 
irradiated thymocytes may thus be recognized as 
foreign proteins (antigens) and phagocytized by 
thymic phagocytic cells. Higley and O'Morchoe (94) 
published a morphometric analysis of the thymic 
non-lymphoid cells within the medulla of rats, 
between the ages of one and 65 days. They found 
that the largest depot of thymic non-lymphoid cells 
is within the medulla or the so-called central part. 
They described the presence of macrophages, IDCs, 
and Langerhans cells at this location. 

Von Gaudecker and Muller-Hermelink (41) 
described diapedesis from the mesenchymal septa 
and perivascular spaces as a possible mechanism of 
IDC entrance into the thymus. Once inside the 
thymus, these IDCs construct a cellular 
microenvironment at the cortico-medullary junction 
that is necessary for the migration pattern, 
differentiation, and maturation of thymic T 
lymphocytes (41, 95, 96). MoABs reactive with 
thymic macrophages and IDCs have been developed 
using these particular cell types isolated from 
peripheral lymphatic organs (Mac-1, Mac -2, and 
ER-BMDM1 for both macrophages and IDCs; F4/80, 
BM8, MOMA-2 exclusively for macrophages; and 
NLDC-145, MIDC-8, Ml-8 and ER-TR6 only for 
IDCs). IDCs have never been identified in B 
lymphocyte regions 

1.4 Langerhans Cells (LCs) 

Another type of thymic dendritic accessory cells 
is the so-called LC. Paul Langerhans following gold 
chloride staining of skin sections (97) first described 
the presence of these cells in the epidermis in 1868. 
It was not until 1973 that the first experimental 
evidence for antigen presentation by LCs was 
reported (98). Today it is well known that human 
LCs are CD la DCs that function as very potent 
APCs for primary and secondary immune responses 
(99). TEM observations of LCs were first reported 
by Birbeck et al. (100) who described these cells as 
DCs, which can be distinguished by a relatively 
clear cytoplasm, a lobulated nucleus, cored tubules 
and unique organelles, the so-called Birbeck or LC 
granules, known today as Langerin or CD207. 
Although the LC granule is the ultimate marker for 
these cells, the same granules have occasionally 
been detected inside phagocytic vacuoles within 



activated macrophages (101-104). In addition, IDCs 
also occasionally possess Birbeck granules and this 
is the basis for the similarity between LCs and IDCs. 
Birbeck granules originate from the cell membrane 
and play a role in receptor mediated endocytosis, 
intracellular processing and presentation of CD la, 
MHC class II and other antigens (105-108). The 
notion that LCs may represent epidermal 
macrophages has also been expressed (109, 1 10). 

Thoughts concerning the origin and function of 
LCs have historically been based on two differing 
hypotheses. One group of investigators maintained 
that LCs perform neural functions (111-118), while 
others followed Masson's (119) theory which 
regarded LCs as the last stage in the life cycle of an 
active melanocyte (the theory of the "worn out 
effect" melanocyte) (120-122). LCs have also been 
described as lymphatic cells which are capable of 
forming antibodies (123, 124). The limited degree to 
which LCs phagocytize foreign particles suggests 
that under normal conditions this does not represent 
their primary function. Tissue culture experiments 
established that murine epidermal LCs can mature 
into potent immunostimulatory dendritic cells (125). 
The necessity of GM-CSF for ensuring the in vitro 
viability and function of epidermal LCs has also 
been described (126). LCs have also been reported 
within the rat thymus (127-130). Olah et al. (127) 
described them as cells of a special type within the 
thymic medulla: 

"...new kind of cells, found in the medulla 
of the rat thymus is described. The special 
structure of their cytoplasm which points to 
intensive cellular activity, as well as the 
characteristic granules contained in these cells, 
justify their classification as a separate cell type. 

The cells in question should be distinguished 
from the cells contained in the epithelial 
reticulum of the thymus, from the macrophages 
containing phagocyted fragments and lysosomes 
as also from those cells whose granules include 
a rod-shaped dark structure. It is, on the other 
hand, possible that the electron-microscopically 
observed cells of the present study are identical 
with Ito's inclusion cells (1959)." 

As noted previously, the presence of these same 
cytoplasmic granules has been a defining 
characteristic of LCs of the skin (131, 132). 

In routine tissue sections stained with 
hematoxylin-eosin (HE), LCs cannot be identified. 
However, they can be easily demonstrated by 
impregnation with gold salts (130, 133, 134). 
Histochemically, the ATPase method has proved 
most useful for the detection of LCs, provided that 




6. Thymic Accessory Cells 



121 



proper fixation and cutting techniques are employed. 
This reaction seems to be specific for LCs. 

There is strong experimental evidence that LCs 
are of mesenchymal origin (109, 135-137). This 
conclusion can be summarized based on the 
following major pieces of evidence: 

1. the exclusion of an ontogenetic relationship of 
LCs to the pigmentary system, 

2. the widespread occurrence of the cells in 
mesodermal tissues of the organism, 

3. their migration from the dermis into the 
epidermis, and 

4. the structural similarity of LCs to the cells in the 
pathological condition histiocytosis X. The 
difficulty in stating that all LCs are of 
mesenchymal origin is illustrated by the 
problem concerning the identity of the 
intraepidermal versus the extraepidermal LCs 
and their relationship to the cells in histiocytosis 
X. 

This difficulty is centered on questions 
concerning the specificity and significance of the LC 
granules. Hashimoto (110) in his histoenzymatic 
study, described that the granules, not only those 
attached to the plasma membrane, but also those 
entirely enclosed within the cytoplasm, were 
permeated passively by lanthaum complex during a 
post-vital incubation procedure. These results 
suggest that these intracytoplasmic granules have a 
direct connection with the extracellular spaces. In 
his opinion, the granules are endocytic in nature, but 
he discussed that these typical organelles may also 
be involved in the secretory functions of LCs. The 
extrusion of specific molecules from the interior of 
the LCs into the intercellular space within the 
thymic microenvironment may be the mechanism by 
which these DCs are involved in the regulation of 
thymocyte differentiation and also provides a way 
for interaction induction between DCs and RE cells 
located in the medulla. 

Rowden (138-140) described the expression of 
Ia-like antigens on the surface of LCs. The 
relationship between LCs and IDCs in the T cell 
areas of lymph nodes and spleen (141), the dendritic 
reticulum cells of germinal centers (142) and other 
areas of the spleen (143) appears to lie in their 
common function in antigen presentation, rather than 
in antigen processing since when trypsin-treated LC 
suspensions were observed, C3 receptors were 
detected on LCs in humans (138, 139). Trypsin has 
been reported to destroy C3 receptors on B 
lymphocyte surfaces, but Berman and Gigli (144) 
have found that, as in macrophages, this receptor is 
not sensitive to enzyme digestion in LCs. 



It is known that in mice the H-2 system is on 
chromosome 17 and has two parts: an H-2K and an 
H-2D region, comparable to human HLA-A and 
HLA-B. These regions code for a set of serologically 
detectable cell surface alloantigens, known as the la 
antigens. These have a and (3 polypeptide subunits 
of approximately 33kD and 28kD, respectively, and 
they lack a common (3, -microglobulin subunit (on 
primate B cells, HLA-DR antigens). In mice, the 
distribution of la antigens is as follows: I-A, I-E, and 
I-C region products are present on B cells, 
macrophages, sperm, and fetal liver cells, but not on 
T cells (145). Certain subsets of T cells, however, 
appear to possess excess products of the I-J region 
(suppressor cells) and it has also been shown that a 
high percentage of the cells in the epidermis express 
la antigen (30-90%) (146). Quantitative absorption 
studies have found that these cells express 2-4 times 
less la antigen than B lymphocytes (146, 147). The 
investigations of Rowden (138, 139) demonstrated 
that only LCs express HLA-DR antigens on their 
surface in human skin. Naturally, the expression of 
MHC (la) antigens on the LCs have a physiological 
role, but it has yet to be studied in great detail. 
Perhaps in skin, LCs play a role in the recognition of 
viral and microbial intrusions into the body. Viruses 
have been found within LCs (148), but it is not 
known whether viral antigens are displayed in 

association with the la antigens. Recent studies 

+ 

identified that the LCs originate from the CD34 
hematopoietic progenitor cells of the bone marrow 
(149). In vitro stimulation of these cells with GM- 
CSF and TNF-a led to their rapid proliferation and 
differentiation into a cell clone with the following 
IP: CD45/CD68/CD3 /CD 1 9/CD5 6 , and also 

expressing CD la, CD4 and MHC class II. The 
CD la cells included three cell populations: 

1. LCs identified by the presence of Birbeck 
granules; 

2. Birbeck granule negative DCs; and 

3. CD14 monocytes. Addition of IL-4 interfered 
with the generation of monocytes, but also 
resulted in an increased percentage of CD la 
LCs (<24%), which are potent stimulators of the 
primary mixed leukocyte reaction and as such 
they are promising candidates for the generation 
or augmentation of host responses against 
different pathogens following vaccination. 

The classical experiments of Katz et al. (150) on 
radiation chimeras and the investigations by 
Frelinger et al. (151) show that bone marrow 
grafting with appropriate stain differences in the Ir 
gene region, permit tracing of the arrival of la cells 
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in the epidermis. Since bone marrow transplantation 
is now a clinical procedure in the treatment of 
patients with various pathologic hematologic 
conditions, there must be many examples of the 
repopulation of LCs in the organism. A detailed 
study on these transplantations should prove 
illuminating since graft-versus-host (GvH) disease is 
a common complication in such procedures. 
Although LCs may arise from bone marrow 
monoblasts, nothing is known concerning the 
relative pool sizes of other possible precursor cells. 
Evidence is accumulating of the existence of cells 
within the lymph nodes and spleen with structural, 
antigenic and functional characteristics similar to 
LCs (95, 152-154). These localizations of LCs also 
represent a symbiotic union of epithelial (in origin) 
and mesenchymal cells, but the intimate role played 
in T cell maturation and in phagocytosis is not yet 
clear. 

In conclusion the presence and interaction of 
IDCs and LCs with other cell types in the human 
and vertebrate (including mice and dogs) thymic 
tissues observed by us following various 
physiological and experimental conditions suggests 
that DCs play a critical role within the thymic 
cellular and humoral microenvironment and thus 
may have a profound effect on the maturation of T 
lymphocytes. These non-lymphatic and non-stromal 
cell populations and their endless number of clones 
are involved in the immune induction of stem cells, 
which is evident from the way in which the two 
distinct arms of the immune system developed 
during phylogeny. It is well established that specific 
immunity developed as a function necessary to 
complement and increase the efficacy of the uptake 
and elimination of antigens, while ensuring the lack 
of immunity to self. 

In our cell culture experiments, immature 
cortical thymocytes, separated in bovine albumin 
density gradients were placed in tissue culture 
medium, supplemented with thymic DC culture 
supernatants. After 48-72 hours in vitro, the rapidly 
proliferating thymocytes were found to change their 
IP by acquiring MHC class I and II molecules, 
losing differentiation CD antigens, and thereby 
becoming responsive in mixed leukocyte cultures. 
We have already published part of our results as in 
vitro experiments on the humoral mechanisms 
involved in intrathymic T lymphocyte maturation 
(169). 

During ontogenesis, the progressive maturation 
of T lymphocytes, following acquisition of a certain 
TCR repertoire, is in correlation with the number of 
different antigens presented to these T cells by DCs. 



Thus, quite immature T lymphocytes are presented 
with antigens necessary for the assurance that no 
self-reactive clones will leave the thymus, while 
nearly completely mature T lymphocytes may well 
be presented foreign antigens by these professional 
APCs. Certainly, the secretory products of thymic 
RE and dendritic cells play an additional important 
role in the differentiation of the various stem cell 
clones into mature T lymphocytes, NK cells or other 
dendritic elements within the thymus. One such 
factor is the 40kD thymic-differentiating factor 
(TDF), isolated by Beller and Unanue (170). 

It is a fact that the intimate events of intrathymic 
T lymphocyte maturation regulated by DCs and 
other professional APCs support the action of the 
various putative thymic hormones, driving the 
immature thymocytes (prethymocytes) to a stage of 
maturity. Recent experiments have established 
extensive roles of the DC network, but one of the 
main and most significant ones remains the initial 
presentation of antigens to developing T 
lymphocytes as thymic accessory cells, which may 
occur in the periphery to an increasing degree 
following involution of the thymus at puberty. 

1.5 Monocytes/Macrophages 

One of the most important types of thymic non- 
lymphatic and non-stromal accessory cells are the 
bone marrow derived, secondary antigen presenting 
monocytes/macrophages. Their regular presence in 
the thymus, especially after any kind of thymic 
involution, has led to two major hypotheses 
concerning their origin: 

1. that these macrophages are derived from the 
stromal cells of the RE meshwork of the 
thymus; and 

2. that they migrate into the thymus during the 
initial colonization of the pure epithelial anlagen 
by pluripotent, as well as already committed 
hematopoietic stem cells (mostly 
lymphomyeloid) from the yolk sac, and later 
from the bone marrow. The cells from which 
the thymic monocytes/macrophages were 
believed to originate according to these two 
hypotheses were either the endodermal RE 
cells, in the former, or the 
mesodermal/mesenchymal cells, in the latter. 
Kostowiecki (171), in his report on the guinea 

pig thymus argued: 

"...those macrophages came directly from 

the reticular cells of the thymic medulla In 

addition the influence of vital staining on the 
development of Hassall's bodies (HB) around 




6. Thymic Accessory Cells 



123 



the reticular macrophages is investigated. This 
problem is closely linked with the role of the 
macrophages system (the RES) in the normal 
thymus." 

There are three hypotheses concerning the role 
of macrophages within the thymic 
microenvironment. The first is based upon the 
observation of foreign granular substances in the RE 
cells of the thymus. Some investigators have 
described fat within the RE cells due to fatty 
degeneration during physiological involution (172- 
179). Others also established that during acute 
involution in pathological conditions ( accidental 
involution [180, 181]), the cytoplasm of the RE cells 
contains either fat particles of degenerated cells, or 
granules of vital stain. The interpretation of such 
observations was that under extreme conditions, RE 
cells can transform into active thymic tissue 
macrophages (182-191). However, during our 
extensive observations, we never detected this kind 
of cell transformation in the thymus! Furthermore, if 
we accept that cell transformation is possible 
between thymic RE cells and macrophage, then why 
should we not accept the RE origin of thymocytes? 
(192, 193) 

Tschassownikow (194) reported de novo 
phagocytic activity in the thymus in vitro. Cultured 
RE cells developed phagocytic activity between 12 
and 24 hours following explantation. The cells of the 
phagocytic system, including macrophages, 
therefore represent the third basic thymic 
compartment. 

According to Aschoff (195), the RE cells of the 
thymus could not participate in the RES because 
these cells are of epithelial origin and further 
observations have established that these cells do not 
carry out the reactions characteristic of cells of the 
RES (196, 197). 

Murray (198) concluded: 

"Cells capable of rapidly ingesting 
particulate matter are present throughout the 
thymus. It is possible that they are epithelial 
cells. On the other hand, pure thymus 
epithelium has not given rise to typical 
macrophages in culture." 

A third hypothesis of monocyte/macrophage 
origin is based upon the lack of granules of vital 
stain within the thymic RE cells. Proponents of this 
view concluded that the RE cellular network should 
belong to the RES (199-201). 

It is well known, as described previously, that 
systemic physical, chemical, or biological stress, 
such as that produced by irradiation, malnutrition, 
infectious diseases, chronic inflammatory diseases, 



neoplasms, and drug abuse results in a marked, 
acute/accidental involution of the thymus (181, 202- 
209). The most characteristic effect of acute 
involution is the rapid degeneration of thymocytes. 
After just two days, thymic disintegration is nearly 
completed and nuclear debris begins to disappear 
from the lobules. Kostowiecki (171) commented on 
these cases of accidental involution: "In all of these 
cases the reticular cells of the medulla hypertrophy 
and any of them change into macrophages. " In his 
study, he described two types of macrophages: 

1. ordinary connective tissue phagocytes, located 

extralobularly and 

2. intralobular macrophages originating from the 

RE cells of the thymus. 

Kostowiecki (210) classified the interlobular 
septa into wide, intermediate, and narrow. The wide 
ones are composed of connective tissue, partially or 
completely replaced in several regions by fat cells. 
Under some conditions, these fat cells may compress 
the cortex of the newly formed lobules, leading to 
regressive changes in growing animals. When the 
septum has a fibrous structure, the macrophages are 
present in single or small groups and occupy the 
central or the more peripheral parts of the septum. 
When the septum contains fat cells, the macrophages 
are located in the narrow spaces between these large 
cells. The junctional areas (where the three 
interlobular septa meet) have the same 
morphological structure and distribution of 
macrophages. Intermediate septa are more common 
and retain a fibrous structure, with few fat cells. 
Macrophages are located along the course of the 
septum and are spindle-shaped. Here they occupy 
the middle portion of the septum. The narrow 
interlobular septa are made up of mainly collagenous 
fibers, which are replaced by reticular fibers in very 
narrow septa. Macrophages are usually not present 
here. The blood vessels, running in the septa, contain 
macrophages in their adventitia (the so-called 
perivascular or adventitial macrophages). These 
cells are situated longitudinally or transversely in 
relation to the vessels. These vessels penetrate the 
cortex, on their way to the medulla. 

Furthermore, in his publication concerning 
macrophages and formation of a second type of 
Hassall's bodies (HBs), Kostowiecki (210) described 
the presence of so-called "reticular macrophages" 
which arise from the medullary thymic 
microenvironment (probably also from the RE 
cells): 

"The reticular macrophages develop from 
the reticular cells of the thymic medulla. In 
previous studies, none mentioned these cells 
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briefly, which appear during the development of 
the second type of Hassall's corpuscles. The 
contents of the second type of Hassall's 
corpuscles consists of a part of the medulla 
enclosed by the corpuscular wall. Hence several 
reticular cells and thymocytes from these 
contents. The relationship between these two 
kinds of cells will determine the kind of 
degeneration of the contents. When the number 
of reticular cells and thymocytes is 
approximately equal, most of the reticular cells 
transform into macrophages (first type of 
degeneration). When the thymocytes are scarce 
or absent in Hassall's corpuscles, the reticular 
cells hypertrophy and form concentric lamellae 
(second type of degeneration). If the thymocytes 
predominate in the corpuscle, all the cellular 
elements show rapid degeneration and the 
macrophages do not develop or may be abortive 
(third type of degeneration)... Often, free 
reticular macrophages may develop in quantity 
in Hassall's corpuscle. In one, the total number 
of macrophages exceeds three hundred... The 
ample cavity of this body contains a large 
number of smaller and larger free reticular 
macrophages and a few binucleated small giant 
cells. The shapes of these cells are 
predominantly spherical, but a few are crescent- 
shaped." 

Macrophages were once characterized as the sole 
scavenger cells, with the ability to phagocytose, and 
thereby eliminate dead cells. Our knowledge of 
monocyte/macrophage physiology has increased 
considerably, primarily due to the significant 
advances in our understanding of T lymphocyte 
maturation (211). They play an important role in the 
induction and expression of both cellular and 
humoral immunity as accessory and regulatory cells. 
It is known that their secretory activities are diverse 
and extensive, and that they posses cell surface 
receptors that may allow them to carry antibodies. 
There have been numerous reviews and monographs 
written on various aspects of their function (212- 
225). 

Within any macrophage population, there is 
considerable and obvious heterogeneity in size and 
phagocytic capacity. There is heterogeneity in other 
aspects, including the expression of surface MHC 
class II receptors. The physical, biochemical, and 
functional differences between macrophages under 
normal and pathological conditions are quite 
dramatic and important. The induction and 
expression of immunity requires the effective 
presentation of antigens on the surface of 
macrophages. This is mostly demonstrated in the 
cases of macrophage participation in T cell and/or B 
cell induction mechanisms, in the production of 
antibodies against thymus-dependent antigens, and 
in macrophage-T cell interactions in the maturation 



and induction of cell-mediated immunity. In 
addition, macrophages collaborate in cell-mediated 
immune responses by secreting various monokines, 
such as lymphocyte activating factor (LAF). 

The group of Unanue (226) has conducted 
research into the physiological role of the 
macrophage system in three directions: 

1. antigen presentation for antibody production 
and T cell stimulation; 

2. secretion of lymphostimulatory molecules; and 

3. regulation of T cell differentiation. 

The results from over 20 years of experiments in 
these areas established the fundamental role of the 
phagocytic system in immune stimulation, in antigen 
recognition and in the control of lymphocyte 
proliferation and maturation. Detailed 
immunological cell to cell collaboration requires 
genetic compatibility between T cells and 
macrophages in the la region of the MHC. This 
contact during development is thymus dependent, 
but the intimate mechanism by which this is 
mediated is still not known. In macrophages, la 

antigen expression has a phenotypically unstable 

+ 

character: la macrophages, can become la under 
the influence of lymphokines, following 
phagocytosis, as well as under various in vitro tissue 
culture conditions. Macrophages have also been 
reported to present antigen to induce IgE antibody 
responses (227) and thus are implicated in the direct 
regulation of IgE production (228). 

In cancer, the nature of the association between 
tumor associated antigens (TAA) and MHC antigens 
on the tumor cell surface, may determine whether 
the host organism responds to the malignancy by 
producing highly efficient, TAA directed, cytotoxic 
T cells or by producing only T cells mediating 
delayed-type hypersensitivity, a much less efficient 
host defense against tumors (229-231). Macrophages 
consuming necrotic tumor cell masses may be able 
to induce the clonal expansion of specific TAA- 
directed cytotoxic T lymphocytes in situ, thereby 
mediating the anti-tumor immune response. 

Nathan et ah (225) described the existence of at 
least 54 secretory products of macrophages 
(monokines), and this number may rise as new 
products are discovered or fall as molecules that 
have multiple physiological specificities are 
identified (i.e. lymphocyte activating factor (LAF, 
interleukin 1), endogenous pyrogen, and a serum 
amyloid A inducing factor may be identical). 
Macrophages function not only as professional 
APCs and immunoregulatory molecule secretors, but 
also as regulatory/suppressor cells. Indeed, activated 
macrophages have been shown to be quite potent 
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inhibitors of T cell responses (229-232). They may 
also represent mediators between suppressor T and 
cytotoxic T cells (233, 234). A recent study has 
established that monocytes/macrophages have a 
more generalized MHC class I antigen processing 
pathway than reported previously (235). 

Macrophages also regulate the number of natural 
killer (NK) cells, which are involved in the first line 
of resistance to cancer (236-239), and control their 
own numbers via autocrine mechanisms. They 
produce both colony stimulating factors, which 
promote monocytopoiesis, and, when appropriately 
stimulated, macrophages also release prostaglandin 
(PGE 2) which inhibits it (240-244). It is also 
possible that macrophages can regulate 
erythropoiesis (245), but results have been published 
which also implicate fibroblast proliferation in the 
control of erythropoiesis (246, 247). 

In our observations, we found extralobular 
macrophages in the capsule, and the intralobular and 
interlobular septa. The capsule contained 
macrophages, which were quite numerous in the 
depressions between lobules. These were continuous 
with the macrophages of the interlobular and 
intermediate septa, but terminated at the narrow 
septa. From these depressions they spread in the 
capsule, but were rare or absent at the periphery of 
the lobules. These macrophages were also present in 
the connective tissue and contained small, round 
granules, detected following incubation with trypan 
blue as the vital stain. The macrophages varied in 
size, and had an oval, spindle-shaped or pyriform 
outline depending on the direction of the cell in the 
cut section. The cytoplasm of the capsular 
macrophages was clear and translucent, and 
following vital staining was observed to consist of 
small and rather oval granules of trypan blue. In 
larger ones of these extralobular macrophages, the 
dispersion of light passing through the blue granules 
led to the observation of numerous "homogeneously" 
stained cells. 

In our bone marrow transfusion experiments, 
following total body irradiation (TBI) (3x6 Gy on 
three consecutive days) and transfusion of stem cells 
of various origins, the thymus looked as if it had 
undergone acute involution within 72 hours after 
TBI, and the presence of numerous macrophages 
was always detected (248). We also observed DNA 
granules and particles in the RE cells, as well as the 
presence of several free macrophages within the 
thymic medulla, in de novo formed thymic cysts, 
and in HBs, but the origin of these cells was not 
clear. Intrathymic macrophages are less active 
functionally, compared to those found in other sites 



within the body. Despite this fact, they do participate 
significantly in the complex intrathymic T 
lymphocyte differentiation cascade, which 
ultimately results in the production of functionally 
mature T lymphocyte subpopulations. 



2. ANTIGEN PRESENTATION BY DCS 

According to the research group of Shortman 
(249-257), experimental results suggest a “dual” DC 
differentiation model, demonstrating the existence of 
both myeloid-derived (with characteristic IF: 
CDllb + , CD1 lc + , CD8a and DEC205 + ) and 
lymphoid-derived DCs (showing CD lib, CDllc, 
CD8a and DEC205 IF). DCs, including 
Interdigitating cells (IDCs) and Langerhans cells 
(LCs), are characterized by dendritic morphology, 
high migratory mobility and are the most effective, 
“professional” cells for antigen presentation in 
primary immune responses. Most of the DCs express 
immunocytochemically detectable antigens like: S- 
100, CD la, CD40 receptor, adhesion molecules 
(ICAM-1 or CD54, LFA-1 and LFA-3), integrins 
(CD 11 a, CDllc and CD 18), CD45, CD54, co- 
stimulatory molecules (B7-1 or CD80, B7-2 or 
CD86), F418, MHC class I and II, and DEC-205, 
multilectin receptor, immunostimulatory cytokine 
(IL-12) and, of course, Fc and complement 
receptors. Following recognition and uptake of 
antigens, mature dendritic cells (DCs) migrate to the 
T lymphocyte rich area of draining lymph nodes, 
display an array of antigen-derived peptides on the 
surface of major histocompatibility complex (MHC) 
molecules and acquire the cellular specialization to 
select and activate naive antigen-specific T 
lymphocytes. Dendritic cells (DCs) patrol 
throughout the peripheral blood, lymph and 
peripheral tissues, including secondary lymphatic 
organs (258). Processing exogenous and endogenous 
proteins for presentation by MHC molecules to T 
lymphocyte’s receptor repertoire is the defining 
function of “professional” antigen-presenting cells 
(APC) as major regulatory cells in antigen specific 
immune responses (259, 260). DCs responds to two 
types of “signals”: 

1 . direct recognition of foreign antigen, pathogens 
(called “danger signal”) through specific 
receptors (named pattern recognition receptors) 
and 

2. indirectly sensed inflammatory mediators such 
as TNF-a, IL- 1 (3, PGE-2 of infection. 
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Both of these two patways induce a well 
integrated program called “maturation process” 
which transforms peripheral DCs into the most 
efficient APCs and T lymphocyte activators (26 1 - 
263). In a detailed rewiev the research group of 
Guermonprez (258) functionally characterized five 
types of surface receptors triggering the maturation 
process in DCs: 

1. toll-like receptors - TLR2 to TLR4 (264, 265); 

2. cytokine receptors; 

3. TNF receptor family molecules; 

4. receptors for immunoglobulins (most of FcR) 
by immune complexes or specific antibodies 
(266-268); and 

5. sensors for cell death. T cells through CD40 
dependent and independent signaling and 
endothelial cells via cell to cell contacts and 
secretion of cytokines are helping in the 
maturation of DCs (269, 270). 

The complex process of antigen uptake, 
internalization by receptor-mediated endocytosis, 
degradation and specific loading on MHC class 1 
and II molecules was named “antigen presentation”. 
DCs present complexes between peptides derived 
from exogenous antigens and MF1C antigens 
expressed on their surfaces to resting T cells, thereby 
initiating several immune responses such as the 
sensitization of MFIC-restricted T lymphocytes, the 
rejection of organ transplants, and the formation of 
T-dependent antibodies (14, 15, 271-276). 

The T lymphocytes are capable of recognizing a 
number of self and non-self antigens, but they also 
need an immunostimulatory microenvironment to 
become activated and initiate an immune response 
(277-280). CD4 and CD8 T lymphocytes can 
initiate a systemic immune response when the TAAs 
are presented to them in the form of short peptides 
connected to the surface of MF1C class I and II 
molecules together with costimulatory B7 or other 

molecules (277, 281, 282). MHC class Il-restricted 

+ 

antigen presentation to CD4 T lymphocytes is 
achieved by an essentially common, multimolecular 
pathway, the so-called “immunological synapse” 
(283-286). This multimolecular interaction is subject 
to variation with regard to the location and extent of 
degradation of protein antigens and the site of 

peptide binding to MHC class II molecules (260). To 

+ 

provoke a CD4 lymphocyte activation, antigens 
connected to MHC class II molecules (cytoskeletally 
accumulated) should be presented together with 
costimulatory molecules (B7.1, B7.2) in case of 
APC interaction with CD28 in lymphocytes and 
adhesion molecules (usually ICAM-1) if the APC 
lymphocyte interaction is fulfilled via lymphocyte 



function associated antigens 1 and 3 (LFA-1 and 
LFA-3) (287). At the same time, activated CD4 
lymphocytes are able “to help” or activate maturing 

(licensing) APCs, a functionally ready stage, directly 

+ 

to initiate CD8 lymphocytes. This activation step 
requires the presence of CD40 receptor on the APCs 
and the CD40-ligand (CD40-L or CD 154) expressed 
on the surface of CD4 lymphocytes (283, 284). The 
same results can be achieved employing a similar 

interaction between TRANCE, present on the 

+ 

surface of activated CD4 T lymphocytes and the 
TNF superfamily receptor RANK, expressed on 
APCs (288, 289). There are a number of "molecular 
couples" that influence DC and T lymphocyte 
interaction during antigen presentation: CD11/CD18 
integrins, CD80/B7-1, CD86/B7-2, and heat-stable 

antigen (289). Antigens presented by MHC class I 

+ 

molecules on previously activated APCs to CD8 
lymphocytes is recognized by the T lymphocyte 
receptor (TCR). After the TCR-antigen interaction, 
cytotoxic lymphocytes (CTLs) recirculate through 
lymphatic organs and peripheral tissues to initiate 
the death of cells expressing the same antigen (289- 
291). 

DEC-205 (gp200MR6) is a type I protein, the 
multilectin receptor for adsorptive endocytosis 
mostly expressed on DCs (including IDCs and LCs) 
in T lymphocyte areas of lymphatic tissues, but also, 
at low levels, on macrophages and T lymphocytes 
and on the cortical reticulo-epithelial (RE) cells of 
the thymic cellular microenvironment (292-295). 
The results indicate that thymic RE cells participate 
in clearance of apoptotic thymocytes through the 
DEC-205 protein. DEC-205 belongs to a family of 
C-type multilectins that also include the macrophage 
mannose receptor (MMR) and the phospholipase A, 
receptor (PLA 7 R) (296). The antigen-presentation 
function is associated with the high-level expression 
of DEC-205, an integral membrane protein 
homologous to the MMR and related receptors that 
are able to bind carbohydrates and mediate 
endocytosis. DEC-205 and MMR can serve as 
potential antigen-uptake receptors. After binding to 
DEC-205, antigens (proteins) are internalized, 

processed, and presented in a complex with MHC 

+ 

class II molecules to CD4 lymphocytes (297). A 
number of receptors for endocytosis recycle enter 
into and out of cells through early endosomes. New 
research defined that the DEC-205 receptor targets 
late endosomes or lysosomes rich in MHC II 
products, whereas the homologous macrophage 
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mannose receptor (MMR), as expected, is found in 
more peripheral endosomes. 

It is well known that not all C-type (type II) 
lectins on DCs serve as antigen receptors 
recognizing pathogens through carbohydrate 
structures. The IC AM-3 -grabbing, non-integrin, 
type II lectin DC-SIGN is unique in that it 
regulates adhesion processes of interstitial DCs, 
such as DC trafficking and T-cell synapse 
formation, as well as antigen capture (298-300). 
DC-SIGN does not only capture HIV-1 but 
instead protects it in early endosomes, allowing 
HIV-1 transport by DCs to lymphoid tissues, 
where it enhances transinfection of T 
lymphocytes. This recent article discusses the 
carbohydrate/protein recognition profile and 
other features of DC-SIGN that contribute to the 
potency of DCs to control immunity. Another 
type II lectin, the langerin induces the formation 
of a unique endocytic compartment of LCs, the 
so-called Birbeck granules (298). 

Proteasomes are multisubunit enzyme complexes 
that reside in the cytoplasm (mostly in the 

endoplasmic reticulum) and nucleus of eukaryotic 
cells. Employing selective protein degradation, 
proteasomes regulate a number of cytoplasmic 
biochemical functions including MHC class I 
antigen processing (301). Three constitutively 
expressed catalytic subunits are responsible for 
proteasome regulated proteolysis. These subunits are 
exchanged for three homologous subunits, the 
immunosubunits, in IFNy-exposed cells and in cells 
with “professional” and specialized antigen 
presenting function. Both constitutive and 
immunoproteasomes degrade the endogenous 
proteins into small peptide fragments that are 
capable of binding via specialized transporters TAPI 
and TAP2 to MHC class I molecules for 

presentation on the cell surface to cytotoxic T 
lymphocytes. However, immunoproteasomes seem 
to fulfill this function more efficiently. IFNy further 
induces the expression of a proteasome activator, 
PA28, which can also enhance antigenic peptide 
production by proteasomes. The ubiquitin- 
proteasome system also plays an important role in 
antigen presentation. However, unfortunately, 
neoplasms employ different ways to target the 
proteasome system to avoid MHC class I 
presentation of their CAAs. 

2.1 Neuroendocrine-immune interactions in 
antigen presentation 

During mammalian ontogenesis, the thymic 
"pure" endodermal epithelial anlage develops and 
differentiates into a complex cellular and humoral 



microenvironment. Beginning the 7-8th week of 
intrauterine development, thymic reticulo-epithelial 
(RE) cells chemotactically regulate (induce) 

numerous waves of migration of stem cells into the 

+ 

thymus, including the CD34 , yolk sac-derived, 
pluripotent hematopoietic stem cells (302). In vitro 
experiments have established that CD34 CD38 
human thymocytes differentiate into T lymphocytes 
when co-cultured with mouse fetal thymic organs. 
Hematopoietic stem cells for myeloid and thymic 

DCs, IDCs and LCs are present within the minute 

+ 

population of CD34 progenitors in the mammalian 
thymus. The RE cells express the DEC-205 receptor 
that is so important for antigen presentation. In 
addition, DCs and specialized epithelial tissue 
structures (such as "the nursing" thymic epithelial 
cells - TNCs) may also be involved in direct, 
cryptocrine-type cell to cell interactions with the 
epithelial cells of the thymus. TNCs regulate the 
development of immature thymocytes into 
immunocompetent T lymphocytes by emperipolesis, 
a highly specialized form of cell-cell interaction in 
which immature thymocytes are engulfed by large 
thymic reticulo-epithelial (RE) cells. TNCs in vitro 

are capable of rescuing an early subset of 

+ + 

CD4 CD8 thymocytes from programmed cell death 
at 32°C, the temperature at which binding and 
internalization were identified. This thymocyte 
subpopulation later matured into a characteristic IP 
at the double positive stage of T lymphocyte 
differentiation that is indicative of positive selection. 
Antigen presentation by thymic RE cells to 
thymocytes that undergo differentiation is one of the 
most important events in the selection of the T 
lymphocyte repertoire (303). 

Interactions between the neuroendocrine and 
immune systems have been reported in various 
regions of the mammalian body including the 
anterior pituitary (AP), the skin, and the central 
(thymus) and peripheral lymphatic tissue (304). The 
network of bone marrow derived DCs is part of the 
reticuloendothelial system (RES), with DCs 
representing the cellular mediators of these 
regulatory endocrine-immune interactions. 
Folliculo-stellate cells (FSCs) are non-hormone 
secreting cells that communicate directly with 
hormone producing cells, which is a form of neuro- 
endocrine-immune regulation. As a result, an 
attenuation of secretory responses follows 
stimulation of these cells. FSCs are also the cells in 
the AP producing interleukin-6 (IL-6) and have been 
identified as the IFN-y responsive elements. FSCs 
express lymphatic DC markers, such as DC specific 
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aminopeptidase, leucyl-p-naphthylaminidase, non- 
specific esterase, MHC class I and II molecules and 
various other lymphatic immunological determinants 
[platelet derived growth factor-a chain (PDGF-a 
chain), CD13, CD14 and L25 antigen]. There is 
strong evidence that such DCs in the AP, and similar 
ones in the developing thymus and peripheral 
lymphatic tissue, are the components of a powerful 
"professional" antigen presenting DC network. 
These APCs contain a specialized late endocytic 
compartment, MIIC (MHC class II-enriched 
compartment), that harbors newly synthesized MHC 
class II antigens en route to the cell membrane. The 
limiting membrane of MIIC can fuse directly with 
the cell membrane, resulting in the release of newly 
secreted intracellular MHC class II antigen 
containing vesicles (exosomes). DCs possess the 
ability to present foreign peptides complexed with 
the MHC molecules expressed on their surfaces to 
naive and resting T cells. There are a number of 
"molecular couples" that influence DC and T 
lymphocyte interaction during antigen presentation: 
CD ll/CD 18 integrins, intercellular adhesion 
molecules (ICAMs), lymphocyte function associated 
antigen 3 (LFA-3), CD40, CD80/B7-1, CD86/B7-2, 
and heat-stable antigen. The "molecular couples" are 
involved in adhesive or costimulatory regulations, 
mediating an effective binding of DCs to T 
lymphocytes and the stimulation of specific 
intercellular communications. DCs also provide all 
of the known co-stimulatory signals required for 
activation of unprimed T lymphocytes. It has been 
defined that DCs initiate several immune responses, 
such as the sensitization of MHC-restricted T 
lymphocytes, resistance to infections and neoplasms, 
rejection of organ transplants, and the formation of 
T-dependent antibodies. 

Neuroimmunologic aspects of skin inflammation 
are also regulated by several interacting systems 
(305). The modulating influence of autonomic and 
sensory nerves has been known for a long time. 
Neurokinines derived from these nerves have 
recently been shown to interact with antigen 
presentation in dermal LCs and other key functions 
of allergic skin disease. While some connections 
between the afferent function and local reflex are 
known, the nature of efferent regulatory effects 
(from brain to periphery) remains to be discovered. 
New research topics include the involvement of the 
brain-derived neurotrophic factor, in addition to, the 
autonomic nervous system in mental stress response 
and insight in the immunomodulation by 
proopiomelanocortins. 



3. THE SIGNIFICANCE OF DCS IN ANTI- 
NEOPLASTIC IMMUNOTHERAPY 

The growth and metastatic spread of neoplasms, 
to a large extent, depends on their capacity to evade 
host immune surveillance and overcome host 
defenses. All tumors express antigens that are 
recognized, to a variable extent, by the immune 
system, but in many cases, an inadequate immune 
response is elicited because of partial antigen 
masking or ineffective activation of effector cells 
(306, 307). Tumor Associated Antigens (TAAs) 
presented in the context of MHC class I complexes 
on either the neoplastic cell itself or on antigen- 
presenting cells are only inducing immunological 
tolerance but not the production of CAA specific 
cytotoxic T lymphocytes (277). The presence of co- 
stimulatory molecules, such as B7-1 and B7-2, on 

antigen-presenting cells and the secretion of IL-2 

+ 

promote the differentiation of recruited CD8 
lymphocytes into cytotoxic T lymphocytes (308). 

Dynamic and permanent changes in the IP of 
cells following their neoplastic transformation have 
been explored in numerous immunocytochemical 
studies (309-315). Expression of novel antigens not 
usually expressed in the surrounding normal cells 
and re-expression of developmental antigens has 
also been well established. Many further alterations 
in the physiology of cells following neoplastic 
transformation are contained within the cytoplasm 
and nucleus of the cell itself, thus making molecules 
associated with such changes less than ideal targets 
for immunotherapy. Furthermore, these regulatory 
molecules are of quite low immunogenicity due to 
the fact that their presence usually represents more 
of a quantitative dysregulation than a qualitative one 
as such antigens are components of normal cells. 
The downregulation of major histocompatibility 
complex (MHC) molecule expression and antigen 
processing in such cells has also been described. The 
establishment and maintenance of a humoral milieu 
unfavorable for in situ immune activation and 
neoplastic cell lysis poses yet another difficulty. 
Neoplastic cell escape from the host’s immune 
effectors is most often caused by weak 
immunogenicity of TAAs, antigen masking, or 
overall immunosuppression, a characteristic of 
advanced stage neoplastic disease. Failure of antigen 
processing or binding to MHC molecules, 
inadequate or low-affinity binding of MHC 
complexes to T lymphocyte receptors, or inadequate 
expression of co-stimulatory adhesion molecules in 
conjunction with the antigen-presenting MHC 
complex may all lead to poor immunogenicity of 
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neoplasm associated peptides and impaired 
antitumor response (259, 316, 317). Neoplasm 
induced defects are known to occur in all major 
branches of the immune system (318). Antigen 
presentation to T lymphocytes appears to be one of 
the steps that is highly deficient in a number of 
human neoplasms, thereby making it that much 
more difficult to generate specific cellular mediators 
of the host anti-neoplastic immune response (319). 

DCs are crucial orchestrators of the adaptive 
immune response (320). Antigen presentation is a 
very important regulatory element for the induction 
of cellular immune responses, which is why one of 
the main goals of tumor immunotherapy is to control 
and enhance tumor antigen presentation (321). Thus, 
the basic immunobiology of DCs (322) is still being 
widely investigated to allow the development of 
effective DC based immunotherapy protocols for the 
treatment of human malignancies (323, 324). 

Efficient MHC class I and II presentation is 
developed when antigens are synthesized 
endogenously by the DCs. This is fully achieved in 
patients with acute or chronic myelogenous 
leukemia, which upon cytokine stimulation, undergo 
cellular differentiation into DCs that contain the full 
repertoire of neoplastic antigens (325-327). In other 
neoplasms, desired immunotherapy antigens must be 
delivered to the DCs ex vivo. The identification of a 
large number of CAAs has suggested new 
possibilities for more effective, individualized 
antineoplastic immunotherapy. However, multiple 
mechanisms may contribute to the ability of tumors 
to escape antitumor immune responses. Tumor 
antigen heterogeneity, modulation of HLA 
expression, and immune suppressive mechanisms 
may occur at any time during tumor cell progression, 
and can affect the outcome of therapeutic immune 
intervention. In particular, the appearance of altered 
HLA class I phenotypes during the progression of 
neoplasms may have important biological and 
medical implications due to the role of these 
molecules in T and NK cell functions. Exhaustive 
tumor tissue studies are necessary before deciding 
whether a particular patient is suitable for inclusion 
in T cell-based immunotherapy protocols. However, 
immune suppressive mechanisms may occur at any 
time during neoplastic cell progression, and can 
affect the outcome of immunotherapeutic 
intervention (328). To overcome this deficit, it is 
possible to employ "professional" antigen presenting 
DCs. DCs can be purified from the spleen, bone 
marrow and peripheral or cord blood. This in vitro 
propagation of tumor specific CTLs is hampered by 
the necessity for large amounts of professional APCs 



used for periodical cycles of restimulation (329). 
The principle of the treatment is to prime the 
purified DCs with CAAs, and to reinject them into 
the neoplasm-bearing patient. The sensitization to 
the CAAs could be obtained employing the crude 
extract of neoplastic cells or purified antigen, which 

will lead to MHC class II restricted antigen 

+ 

presentation to CD4 T lymphocytes (306). 
Unfortunately these peptides have rapid turnover on 
the surface of DCs and their efficacy is subsequently 
limited (330, 331). Recently, several computer 
assisted approaches have been developed to predict 
CTL epitopes within larger protein sequences based 
on proteasome cleavage specificity. The availability 
of such programs, as well as, a general insight into 
the proteasome mediated steps in MHC class I 
antigen processing, provides us with a rational basis 
for the design of new anti-neoplastic T lymphocyte 
vaccines (301). Almost all types of neoplasms 
contain survivin, a TAA and inhibitor of the 
apoptosis protein family, making this protein a 
useful target for the development of broadly 
applicable tumor vaccines (332). Interestingly, the 
authors revealed that upregulation of survivin by 
DCs was carried out upon stimulation with TNF-a . 
Employment of neopastic cell derived exosomes 
(cell secretory compartment), defined source of 
tumor rejection antigens released in membrane 
vesicles for vaccination could be the most efficient 
approach (333). Exosomes transfer a number of 
neoplastic cell specific antigens to DCs and induce 
peptide specific, MHC class I restricted presentation 
to T lymphocytes clones and induce neoplastic 
antigens specific CTL responses in cancer patients. 

Passive immunotherapeutic interventions involve 
efforts to augment the neoplastic cells’ antigenicity 
through vaccination with immunogenic peptides, 
administration of tumor infiltrating immune effector 
cells in vitro expanded and activated, in vivo effector 
cell expansion with cytokine therapies, or genetic 
modification of either immune effectors or 
neoplastic cells with cytokine genes or genes 
encoding costimulatory molecules to effectively 
activate the immune response (334-338). A variety 
of adoptive cellular strategies, aimed at boosting the 
patient’s immune system, have been tested in the 
management of human neoplastic diseases. Despite 
the drawbacks associated with ex vivo cell 
manipulation and upscaling, several such approaches 
have been assessed in the clinic (339, 340). 

The disclosure of the human genome sequence 
and rapid advances in genomic expression profiling 
have revolutionized our knowledge about molecular 
changes in neoplastic diseases (341). Rapidly 
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growing gene expression databases and 
improvements in bioinformatics tools set the stage 
for new approaches using large-scale molecular 
information to develop specific therapeutics in 
cancer (342). On the one hand, the ability to detect 
clusters of genes differentially expressed in normal 
and malignant tissue may lead to widely applicable 
targeting of defined molecular structures. On the 
other hand, analyzing the “molecular fingerprint” of 
an individual neoplasm raises the possibility of 
developing customized immunotherapeutical 
regiments. One approach to using the emerging new 
datasets for the development of novel therapeutics is 
to identify genes that are specifically expressed in 
neoplasms as targets for immune intervention 
employing the method of “reverse immunology” for 
the screening of potential candidate genes by 
bioinformatics in order to identify the 
immunogenicity of candidate CAAs (341). Gene 
transfer can also be employed in the case of a cloned 
antigen (like the co-stimulatory molecule B7.1) and 
would lead to the MHC class 1 restricted priming of 
CD8 CTLs (329). Unfortunately, following gene 
transfer, the efficacy of transduction is still very low, 
but with an increase in our understanding, this 
difficulty has the possibility of being overcome. 
Reinjection of DCs primed with neoplastic cell 
lysate leads to the protection of mice against a tumor 
challenge. The mode and place of administration, the 
nature of employed DCs, and the technology of 
sensitization may all depend on the malignancy and 
metastatic potential. 

What kind of whole tumor cells, apoptotic or 
necrotic, are more efficient for tumor vaccines? A 
group of scientists in Hannover, Germany compared 
the effect of apoptosis versus necrosis on the 
effective antigen presentation by DCs, employing 
various tumor models (343). Their experimental data 
determined that only apoptotic whole tumor cell 
vaccines were capable of inducing a DC mediated, 
potent antineoplastic immune response. In contrast, 
necrotic cell vaccines produced a strong, localized 
macrophage response. 

Gene-engineered DCs are currently being tested 
in antineoplastic immunotherapy throughout the 
world. Genetic immunotherapy with DCs can also 
be engineered to express tumor antigens, having the 
potential advantages of endogenous epitope 
presentation by both major histocompatibility 
complex (MHC) class I and II molecules. Another 
advantage of using DCs is that DCs can be gene- 
modified to express immunostimulatory molecules 
that further enhance their antigen-presenting 
function (282). 



Numerous routes to employing DCs for 
antineoplastic immunotherapy are being tested, 
ranging from direct in situ expansion and activation 
of DCs to adoptive transfer of ex vivo generated 
DCs. Numerous techniques have also been designed 
to optimize DC maturation and their migratory 
abilities, for effective tumor antigen delivery to DCs, 
and induction of tumor-specific, as well as, helper 
immune responses, in vivo. However, the results of 
recent preclinical studies and the diversity of the 
clinical phase I trials that are currently underway 
indicate that little is still known about the exact 
mechanisms by which DCs modulate tumor 
immunity. This lack of knowledge brings with it the 
concern that premature clinical trials might not yield 
the desired results and might even be harmful to, 
rather than promote, the concept of DC based tumor 
immunotherapy. 

DCs have also been used to help improve the 
efficacy of tumor vaccines (344). Certainly we are 
still far from the “ideal vaccination” which should 
be cell free, employing immunorelevant, neoplasm 
specific antigens, regardless of patient’s HLA 
haplotype and the production allow large volume 
manufacturing. Recently clinical investigators have 
developed genetically modified tumor cell vaccines 
(345, 346). Irradiated tumor cells transduced with 
and expressing various cytokines, such as IL-2, IL-6, 
IL-12, lymphotactin, IFN-y, or GM-CSF, or co- 
stimulatory molecules, such as B7-1, were capable 
of eliciting their trafficking into lymph nodes and 
their interaction with T lymphocytes (347-349). 
These gene-modified DC vaccines also produced a 
direct regression of pre-existing neoplasms, thereby 
curing the experimental animals. Induction of strong 
immune responses in neoplasm-bearing animals 
against non-immunogenic or weakly immunogenic 
malignancies supports the research view that active 
immunization of cancer patients deserves further 
consideration. 

Another possibility to ensure endogenous 
antigen synthesis has been to fuse DCs to 
neoplastically transformed cells. Gong and co- 
workers (350) demonstrated that murine DCs fused 
to colon cancer cells enhanced the formation of 
neoplasm specific CTL both in in vitro and in vivo. 
In a recent experimental study, a transgenic murine 
model expressing polyomavirus middle T oncogene 
and mucin 1 TAA was used to determine the 
preventive effect of a vaccine containing DCs fused 
to breast carcinoma cells (351). The animals 
developed mammary carcinoma between the ages of 
65 to 108 days with 100 percent penetrance. No 
spontaneous CTL were identified. The prophylactic 
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vaccination of these genetically modified mice 
induced polyclonal CTL activity and rendered 60 
percent of the animals free of neoplastic disease by 
the end of the 180 days experiment. These results 
indicate that prophylactic vaccination with 
dendritic/tumor fusion cells is capable of inducing 
sufficient anti-neoplastic immunity to counter the 
process of oncogenesis of powerful oncogenic 
products. A similar type of tumor vaccine was 
successful in the prevention of human cervical 
cancer (352). The fusion cell vaccine experimental 
approach has been applied in several other 
antineoplastic immunotherapy protocols, including 
the immunoprevention of colorectal cancer, 
confirming the immunogenicity of such tumor 
vaccines (353, 354). 

In vivo DCs are found in a number of tissues and 
reside in direct proximity to extracellular matrix 
proteins (355-357). Since extracellular matrix 
proteins affect differentiation and location of cells in 
tissues, a number of research observations 
investigate potential effects of extracellular matrix 
proteins on differentiation and maturation of 

dendritic cells. DCs were isolated and enriched from 

+ 

CD34 human cord blood stem cells in the presence 
of GM-CSF and tumor necrosis factor (TNF)-a for 
6-d and subsequently cultured for an additional 6-d 
period on tissue culture plates coated with various 
extracellular matrix proteins. Among the 
extracellular matrix proteins tested, exposure to 
fibronectin stimulated DC/LC cell differentiation as 
indicated by the 50% increase of the number of cells 
expressing the Birbeck granule-associated marker 
Lag and displaying numerous Birbeck granules. 
Adhesion on fibronectin was shown to be 
specifically mediated by the integrin a5(3. Because 
laminin and collagen were unable to cause similar 
changes in LC development, these results suggest 
that fibronectin may cause changes affecting cellular 
differentiation of progenitors. Hematopoietic 
progenitors may exhibit maturational regulated 
differences in response to both matrix molecules and 
cytokines. 

+ 

Human cord blood, CD34 progenitors cultured 
in the presence of GM-CSF and TNF-a generate a 
heterogeneous population of DCs including 
Langerhans-like DCs (LLDCs) and monocytes 
(358). The authors noticed that IL-4 exerts different 
effecs in cultures according to the cells considered. 
Thus, IL-4 favors DC components at the expense of 
monocytic development, and permits long-time 
persistence of DCs that can be maintained up to one 
month in culture. These results show an IL-4- 
dependent inhibition of proliferation and emergence 



+ 

of CD14 cells. Notably, however, IL-4 also acts on 

the DC precursors. Thus, IL-4 enhances survival and 

+ 

delays maturation of LLDCs from CD la CD 14 

precursors. In addition, IL-4 also favors orientation 

+ 

of CD 14 CD la DC/monocyte precursors towards 

+ 

dermal-type CD la DC. DCs recovered from IL-4 
treated cultures displayed reduced allostimulatory 
capacity, but this function is restored upon IL-4 
weaning. A significant discovery suggested that a 
short (48h) IL-4 pulse is sufficient to favor DC 
development. These in vitro experiments 
demonstrate that IL-4 positively regulates DC 
development at several levels on distinct precursor 
cells. 

3.1 DC-based tumor vaccines in clinical trials 

DC-based immunotherapy was employed in 
clinical trials in melanoma, lymphoma, myeloma, 
renal and prostate cancer patients (359-363). 
Numerous clinical trials testing DC-based vaccines 
against neoplasms are in progress and partial clinical 
efficacy has been already proved. In some cases, 
bone marrow-derived DCs have been employed to 
treat established experimental neoplasms by 
unleashing a cellular immune response against 
TAAs (364). An ex vivo gene transfer technique with 
viral and non-viral vectors provided such antigens 
into DCs' antigen-presenting molecules. This gene 
transfer technique is often used to obtain expression 
of TAAs and hence, used thereby to formulate the 
antineoplastic immunotherapeutic vaccines. Efficacy 
of the approaches is greatly enhanced if DCs are 
transfected with more than one gene encoding 
immunostimulating factors. In some cases, such as 
with IL-12, IL-7 and CD40L genes, injection inside 
experimental malignancies of thus transfected DCs 
induces complete tumor regression in experimental 
animal models. In this case, TAAs are captured by 
DCs by still unclear mechanisms and transported to 
lymphatic organs where productive antigen 
presentation to T lymphocytes takes place. 
Transfection of genes will further strengthen the 
immunogenicity of CAAs and the antigen 
presentation efficacy of DCs. New 
immunotherapeutical strategies will soon join the 
clinical research being conducted. 

Because of cases mostly resistant to 
chemotherapy, renal cell carcinoma (RCC) has been 
a testing ground for immunotherapy in decades (365, 
366). The approval of IL-2 for immuno- treatment of 
RCC was a landmark "proof of principle" showing 
that agents working solely via the immune system 
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can cause long lasting neoplasm remission. In vitro 
strategies to expand and load DCs with antigens 
have now led to human vaccine trials in RCC (at the 
University of California at Los Angeles, a phase 1 
clinical trial) and a number of other malignancies. 

Malignant lymphomas (MLs) are clonal 
neoplasms of lymphatic origin. By definition, 
all cells of the malignant clone have undergone 
the same rearrangement of antigen receptor 
genes and express identical antigen receptor 
molecules (immunoglobulin for B lymphocytes, 

T cell receptor for T lymphocyte MLs). The 
hypervariable that stretches within the variable 
regions of these receptors are considered true 
tumor- specific antigens ('idiotypes') (367). In 
several animal models, protective humoral or 
cellular immunity was induced against the ML 
by vaccination with the neoplasm-derived 
idiotype. Successful experimental immunization 
strategies in animals include idiotype protein 
vaccines combined with various adjuvants, 
genetically or immunologically modified ML 
cells, idiotype-presenting DCs, idiotype- 
encoding viral vectors, and DNA immunization. 

Firm evidence for the induction of lymphoma- 
specific immunity has also been obtained from 
human idiotype vaccination trials. Furthermore, 
some trials have provided strong but hitherto 
formally unproven evidence for clinical benefit 
of idiotype- vaccinated patients. Alternative 
vaccination approaches are based on 
immunologically modified neoplastic cells. 

Future research efforts should involve efforts for 
identifying the most efficacious vaccination 
route, on definitive proof of clinical efficacy, 
and on the development of new protocols to 
produce individually designed idiotype 
vaccines. 

Over the last decade, the incidence of malignant 
melanomas (MMs) has been continuously increasing 
worldwide (368). Surgery is a treatment of choice in 
the early stages of primary lesions. Advanced MM, 
however, is resistant to chemotherapy and 
radiotherapy. Therefore, there is an essential need 
for new, possibly more effective treatments. In the 
last few years, biotherapy such as immunotherapy, 
has been receiving quite a bit of attention. 
Unfortunately, systemic administration of 
immunostimulatory factors is very often associated 
with severe side effects. Thus, concepts of specific 
immunotherapies, such as immunogene therapy, 
have been developed. Currently, various gene 
therapy strategies of MM are being evaluated in 
multiple clinical trials carried out all over the world 
(359, 369). As was mentioned before the new 
tendencies include gene modified tumor vaccines 
(GMTV) modified with genes encoding cytokines or 
co-stimulatory molecules and DCs modified with 
genes encoding CAA or immunostimulatory factors. 



Since January 1996, in the Department of Cancer 
Immunology USOMS, (at Great Poland Cancer 
Center in Poznan, Poland), a GMTV has been tested 
in MM patients. More than 220 patients were 
enrolled in this study of GMTV consisting of 
melanoma cells modified with genes encoding IL-6 
and its agonistic soluble receptor (sIL-6R). More 
than 25% of the patients were observed to have 
objective clinical responses and significant life 
extensions. The encouraging results formed a basis 
for design of a phase III prospective, randomized 
clinical study. 



4. CONCLUSIONS 

During the last twenty years, several essential 
advances have been reported in the area of early T 
lymphocyte maturation and in the regulation 
signaling pathway of intrathymic positive and 
negative selection. The roles of both thymic cortical 
and medullar RE cells in regulation and induction, as 
well as the involvement of matrix molecules in the 
differentiation of T lymphocytes and a further 
elucidation of the diverse signaling pathways 
involved in this process have recently become 
clearer (370). The ultimate challenge remains the 
generation of immunocompetent T lymphocytes 
from hematopoietic stem cells under experimental 
conditions in vitro, whereby all of the steps involved 
in intrathymic lymphopoiesis may be defined. 
Antigen presentation by thymic RE cells to 
thymocytes that undergo differentiation is one of the 
most important events in the selection of the T 
lymphocyte repertoire (371). Mizuochi and co- 
investigators (372) reported that medullary RE cell 
lines, established from newborn C57BL/6 (H-2b) 
mice possess the ability to present a soluble antigen 
(ovalbumin - OVA) to OVA-specific, I-Ab restricted 
helper T lymphocyte lines in vitro, but cortical RE 
cell lines are not. Recently, the distribution of both 
MHC class II molecules and invariant chain (Ii) in 
both RE cell subpopulations, as well as the 
expression of mRNA encoding H-2Ma or H-2Mb 
was observed by laser confocal scanning 
microscopic analysis and immunoprecipitation. The 
results established that both RE cell subpopulations 
are able to present peptide antigens to peptide- 
specific, I-Ab restricted helper T cell hybridoma and 
are also able to present class II MHC alloantigens to 
an I-Ab-specific T lymphocyte line, and that SDS- 
stable MHC class II molecules, onto which peptides 
were loaded, are formed in both RE cells. These 
molecules were more rapidly degraded in the 
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medullary RE cell subpopulation. In addition, two Ii- 
derived polypeptides of 21kD and lOkD were 
precipitated by MoAB Y3P, produced against MHC 
class II. Both RE cells contain the 10 kD 
polypeptide, but the 21 kD molecule was only 
detected in cortical RE cells. Finally, (3 chains of 
MHC class II molecules were successfully 
precipitated from the cell surface of cortical RE cells 
with a lower concentration of sialyted 
oligosaccharides. It seems that there are substantial 
differences in the antigen-presenting pathways 
employed by the cortical or medullary 
subpopulations of thymic RE cells, and that these 
differences may underlie the specificity of 
intrathymic T lymphocyte selection events. 
Recently, an experimental model in which the 
immune system of nude (athymic) mice was 
reconstituted at birth with subcutaneous grafts of 
embryonic thymic RE cells, removed from 10 days 
allogeneic embryos was observed (373). The RE 
graft was colonized by the hematopoietic cells of the 
nude mouse (host), which eventually matured into 
immunocompetent T lymphocytes. Such T 
lymphocyte reconstituted nude mice were able to 
reject third party skin grafts and were tolerant to skin 
of their own haplotype, but also the RE cell H-2 

type. This tolerance induction can also be transferred 

+ 

by CD4 peripheral T lymphocytes selected on 
allogeneic RE cells! These selected T lymphocytes 
were also able to control the effector activity of 
peripheral T cells derived from normal mice. This 
represents a negative regulatory activity induced by 
RE cells. To make the process of intrathymic 
differentiation even more confusing, B lymphocytes 
have also been detected within the thymic 
microenvironment! Thymic RE cells are also 
involved in the regulation of intrathymic negative 
selection (374). By using two transgenic mice, the 
presentation of nuclear (3-galactosidase ((3-gal) to 
CD4 T lymphocytes by medullary RE cells was 
observed, resulting in tolerance induction. In vitro 
experiments have further substantiated this antigen 
presenting ability of thymic medullary RE cells, 
while bone marrow derived thymic DCs were found 
incapable of inducing tolerance. Another recent 
study established that these same thymic medullary 
RE cells also induce a complete tolerance against 
MHC class I restricted self peptides presented on 
their own cell surface (375). 

Publications concerning the constructive role of 
B lymphocytes in the development of the T 
lymphocyte repertoire have once again raised 
questions concerning the possibility of intrathymic 
differentiation of B lymphocytes and the potential 



regulatory role of the thymic RE cells in this process 
(376). Although the double negative (CD4 CD8 ) 
thymocytes produce a wide spectrum of cytokines in 
response to a T lymphocyte receptor independent 

stimulus as they approach the double positive 

+ + 

CD4 CD8 maturation stage, they lose their cytokine 

secreting ability (377). After thymocytes become 

+ + 

single positive (either CD4 or CD8 ), they 
reacquire the ability to produce cytokines. AP-1- 
luciferase and the newly developed NFAT-luciferase 
transgenic mice were employed to analyze the 
transcriptional and DNA binding activities of these 
transcription factors involved in the regulation of 
cytokine gene expression. It was determined that 
both AP-1 and NFAT activity are not inducible in 
the great majority of double positive thymocytes. 
The cytokine producing ability was reacquired at the 
end of double positive stage of maturation, before 
the complete down-regulation of one of the 
receptors. Indeed AP-1 inducibility is reacquired 
during a specific maturation stage in double positive 
thymocytes: in the transition from a TCR” CD69°” 
heat stable antigen (HSA) l ” th IP to a TCR 1 "' 1 ', CD69 h ‘ sh , 
HSA 1 " '' IP, which is considered to represent the 
initial signal of intrathymic positive selection. This 
could be a preventive mechanism in the T 
lymphocyte differentiation pathway to assure that 
the activation of double positive thymocytes will 
only occur after positive selection. Employing a long 
term, thymic RE cell dependent cell culture system, 
certain stages of B lymphocyte differentiation from 
triple negative (CD4CD8CD3/TCR) thymocytes 
was revealed. Some thymic RE cell lines maintained 
cells with B lymphocyte characteristics, but could 
not fully support their differentiation, while others 
efficiently supported the development of surface 
IgM expressing B lymphocytes. The results also 
revealed the functional heterogeneity of thymic RE 
(stromal) cells in their ability to induce different 
stages of B lymphocyte generation. 

The problem of elucidating novel extra-thymic 
pathways of T cell maturation to explain the lack of 
change in lymphopoiesis following involution of the 
thymus at puberty has been one of the most 
fundamental questions of cellular immunology. The 
establishment of a bodywide network of DCs, which 
are capable of antigen presentation and specific 
cytokine secretion, is, in our opinion, the answer to 
this dilemma. It is quite logical that following 
sufficient time for the development of the full DC 
arsenal, the roles of the thymus in providing a 
primary site of maturation are better served by the 
secondary lymphatic organs (i.e. lymph nodes), 
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distributed throughout the body and which are 
continually infiltrated by DCs. These cells possess 
the ability to interact with other cell types, to secrete 
regulatory cytokines and to present "self' and "non- 
self 1 antigens, to aid in the proper, and efficient 
development of T lymphocytes at many sites 
throughout the body. This antigen presenting 
capability of classical DCs has also been expanded. 
The expression of MHC class I molecules on the 
surface of DCs has been observed to be important in 
inducing transplant related immune responses (378). 
Furthermore, the ability of the dendritic cell line 
D2SC/1 to present exogenous viral peptides and 
thereby stimulate MHC class I restricted, CD8 
cytotoxic T lymphocytes has also been established 
(379). 

The notion that the presentation of antigens is a 
unique functional capability of "professional" APCs 
has recently been modified. Fibroblasts transfected 
with viral proteins have been shown to directly 
induce antiviral cytotoxic T lymphocyte (CTL) 
responses in vivo (380). Fibroblasts are not 

professional APCs in the sense that they do not 
express all of the necessary co-stimulatory 
molecules to stimulate the clonal expansion of 

antigen-specific CTL clones. Although only low- 
level T cell activation via MHC class I interaction 
was observed in situ, fibroblasts were found to be 
very effective APCs in the cytokine-rich milieu of 
lymphatic organs such as the spleen (6). Thus, the 
network of accessory cells involved in mediating 
and regulating the immune response should be 
expanded to include the possible roles that 

connective tissue elements may play. The DC 

network, composed of both resident and migratory 
cellular elements, may in fact secrete cytokines also 
necessary for aiding this functional role of 
fibroblasts in the various tissues of the body. 

Antigen presentation to T lymphocytes appears 
to be one of the steps which is highly deficient in a 
number of malignancies, thereby making it that 
much more difficult to generate specific cellular 
mediators of the anti-neoplastic immune response 
(381). To overcome this deficit, it is possible to 
employ "professional" antigen presenting DCs. DCs 
can be purified from the spleen, bone marrow and 
peripheral or cord blood. This in vitro propagation of 
tumor specific CTLs is hampered by the necessity 
for large amounts of professional APCs used for 
periodical cycles of restimulation (382). The 
principle of the treatment is to prime the purified 
DCs with cancer specific or associated antigens, and 
to reinject them into the tumor-bearing patient. The 
sensitization to the cancer related antigen could be 



obtained using crude neoplastic extract or purified 

antigen, which will lead to MHC class II restricted 

+ 

antigen presentation to CD4 T cells. Gene transfer 
can also be employed in the case of a cloned antigen 

(like the costimulatory molecule B7.1) and would 

+ 

lead to the MHC class I restricted priming of CD8 
CTLs (382). Unfortunately, following gene transfer, 
the efficacy of transduction is still very low, but with 
an increase in our understanding, this difficulty 
should be overcome. Reinjection of DCs primed 
with neoplastic cell lysate leads to the protection of 
mice against a tumor challenge. The mode and place 
of administration, the nature of employed DCs, and 
the technology of sensitization may all depend on 
the malignancy and metastatic potential. Recent 
investigators have employed genetically modified 
tumor cell vaccines (383, 384). Irradiated tumor 
cells transduced with and expressing various 
cytokines, such as IL-2, IL-6, IFN-y, or GM-CSF, or 
co-stimulatory molecules, such as B7-I, were 
capable of eliciting direct regression of pre-existing 
tumors, thereby curing the experimental animals 
(385). Induction of strong immune responses in 
neoplasm-bearing animals against non-immunogenic 
or weakly immunogenic malignancies supports the 
research view that active immunization of cancer 
patients deserves further consideration (386). 

And finally: 

1. Dendritic cells (DCs) are the most effective, 
“professional" antigen presenting cells that 
capture antigens in the periphery, migrate 
centrally, and present the processed antigens in 
the context of MHC and appropriate co- 
stimulatory molecules to T lymphocytes for the 
initiation of an immune response. 

2. Dendritic cells (DCs) and thymic reticulo- 
epithelial (RE) cells are capable to perform 
important immunoregulatory functions by 
presenting antigens in the form of peptides 
bound to cell-surface MHC molecules to T 
lymphocytes. It is a fact that the intimate events 
of intrathymic T lymphocyte maturation 
regulated by DCs and other professional APCs 
support the action of the various putative thymic 
hormones, driving the immature thymocytes 
(prethymocytes) to a stage of maturity. 

3. Antigen presentation is a critical regulatory 
element for the induction of cellular immune 
responses. Therefore, one of the principal 
current goals of anti-neoplastic immunotherapy 
is to control and enhance tumor antigen 
presentation. In this respect, dendritic cells (DC) 
are now being widely investigated as 




6. Thymic Accessory Cells 



135 



immunotherapeutic agents for the treatment of 
disseminated malignancies. 

4. During the progression of neoplastic disease and 
the constant IP changes of tumor cells, the 
appearance of altered HLA class I phenotypes 
may have important immunobiological and 
immunotherapeutical implications due to the 
role of these molecules in T and NK cell 
functions. 

5. The fundamental immunobiology of DCs is still 
being widely investigated to allow the 
development of effective DC based 
immunotherapy protocols for the treatment of 
human malignancies. In the last decade, 
experimental protocols for in vitro growth and 

maturation of large quantities of DCs from their 

+ 

CD34 bone marrow derived stem cells have 
been carried out employing several cytokine 
cocktails. This strategy enables the generation 
of functionally mature DCs even from advanced 
neoplasm patients whose antigen presentation is 
suppressed by neoplasm derived molecules. The 
ability to culture autologous DCs ex vivo has 
influenced the development of protocols of 
genetically engineering them. The era of active, 
specific immunotherapy is born. 



6. There is scientific evidence showing that DCs 
and thymic RE cells share surface receptors that 
play a crucial role in antigen presentation. There 
are also tight regulation connections between 
the neuroendocrine and the immune system that 
should be investigated in the process of antigen 
presentation. Without neuroendocrine 
regulation, there is no proper immune function. 
Neuroendocrine regulation is currently not 
encompassed in the tumor vaccine design, 
which is a suggestion that we have that future 
research into the neuroendocrine question could 
improve the quality of DC based tumor 
vaccines. 

7. In vitro strategies to expand and load DCs with 
CAA antigens have now led to human vaccine 
trials in renal cell carcinoma and a number of 
other malignancies such as malignant 
melanomas, breast carcinomas and lymphomas. 
We are sure that new immunotherapeutical 
strategies and protocols will soon join the 
clinical research being conducted worldwide. 
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Chapter 7 

Involution of the Mammalian Thymus and Its Role in the Overall 
Aging Process 



Abstract: During the last century of research concerning the thymus, the fact that every mammalian thymus undergoes marked 

morphological changes during the complex process of aging has been defined as a basic histogenetical rule. In 
characterizing the physiological (i.e. chronic) involution of the mammalian thymus, the term "Altersinvolution" referring 
to age-related involution is used. All other types of thymic involution are associated with an initial trigger and a relatively 
"acute" mechanism. In all of these factor-dependent cases of thymic involution, we use the term "akzidentelle involution" 
(i.e. acute accidental thymic involution). Temporary thymic involution occurs during pregnancy, with a full restoration of 
the cellular microenvironment at the end of lactation. It is now clear that pregnancy alters the well-established 
adaptational homeostasis between the neuroendocrine and immune axes. Such non-progressive involution has also been 
observed during various seasons in various animals (i.e. seasonal involution). Changes characteristic of thymic involution 
begin during or soon after the first year after birth, and continue progressively throughout the entire life span. The 3% to 
5% annual reduction rate of the cells of the human thymic microenvironment continues until middle age, when it slows 
down to less than 1% per year. According to the extrapolation of these results total loss of thymic reticulo-epithelial tissue 
and the associated thymocytes should occur only at age of 120 years in humans. This serious reduction of the thymic 
cellular microenvironment is a well controlled physiological process and is presumably under both local and global 
regulation by the cells of the RE meshwork and by the neuroendocrine, respectively. In humans, the age related decline in 
serum facteur thymique serique (FTS) levels begins after 20 years of age and FTS completely disappears from the blood 
between the 5th and 6th decade of life. In contrast, the serum levels of thymosin-al and thymopoietin seem to decline 
earlier, starting as early as 10 years of age. The influences of a variety of other hormones on the involution of the thymus 
have also been characterized: testosterone, estrogen and hydrocortisone treatment results in marked involution, cortisone 
and progesterone administration causes slight to moderate, while use of desoxycorticosterone has no effect. The 
experimental administration of thyroxine yielded dose dependent results: low doses resulted in thymic hypertrophy, higher 
doses produced a slight hypertrophy and the highest employed doses caused thymic atrophy. The atrophy was of apicnotic 
type, very different from that detected after treatment with corticoid hormones. Thymus transplantation experiments 
indicate that age-related, physiological thymic involution has been genetically preprogrammed. Grafting of the thymus 
from one week old C3H leukemic strain mice into 6 month old hosts resulted in changes in thymic weight and an 
involution pattern that were synchronous in all recipients, in direct correlation with the glands in the donor, but not in the 
host. These data strongly suggest that the stimulus for thymus cell proliferation and differentiation is genetically 
determined within the organ implant. Since the thymus is the primary T-lymphopoietic organ during ontogenesis in the 
mammalian organism, its age-related involution with the already mentioned morphological alterations can be held 
responsible only for a decline in antigen-specific T lymphocyte immune functions. Thymic involution and diminished T 
lymphocyte proliferation can be partially restored by thymic tissue transplantation or use of thymic hormones. The leading 
physiological role of the thymic cellular microenvironment as a "clock" of the mammalian aging process is also discussed. 



"If present cells have come from pre-existing cells, then all cells can trace their ancestry back to 
the first formed cell in an unbroken line of descent." - 

Rudolf Virchow, 1858 (1) 

"I have never noticed the absence of the thymus gland except in cases of true acephalism." 

Simon, 1845 (2) 



Key words: Genetically regulated thymic involution; Types of thymic involution; Acute and chronic thymic involution; 

Immunological consequences of thymic involution; Seasonal morphological thymic alterations; Pregnancy-related 
temporary thymic involution; Acute, stress related thymic involution; Thymic involution and breeding; Aging process; 
Hypotheses of aging; Immunology of senescence; Age related changes in T lymphocyte dependent immunity. 



147 




148 



Chapter 7 



1. INTRODUCTION 

Detailed morphological and histological 
observations of the mammalian and especially the 
human thymus had been conducted even before its 
main physiological function as the primary and 
central organ of the cellular immune system was 
revealed by Miller (3-28). The ontogenetical and 
phylogenetical development of the two arms of the 
immune system were well characterized: 

"A distinct dichotomy of the immune 
system into thymus-dependent and thymus- 
independent components has been demonstrated 
in amphibians, birds and mammals, suggesting 
that the B cell / T cell dichotomy of the 
vertebrate immune system dates back in 
phylogeny at least some 250 million years to the 
early tetrapods." (29) 

During the last century, the plethora of reports 
on the structure and function of the thymus gland 
have led to the conclusion that every mammalian 
thymus undergoes serious morphological changes 
during the complex process of aging. Changes 
characteristic of a process termed involution 
commence soon after the first year after birth and 
continue throughout the rest of life (30-38). 
Contradicting the popular belief that maturation is 
related to puberty, the thymus reaches its maximal 
size (about 25 cm ) at the end of the first year of 
postnatal development. Thereafter, the volume of 
real thymic tissue decreases progressively, 
excluding the oversized perivascular spaces, and the 
invading adipose and fibrous types of connective 
tissue which serve as substitutes for the lost tissue 
(39-43). Similar events of adipose tissue invasion 
also occur in other hematopoietic organs (the bone 
marrow and lymph nodes) and this suggests that 
lipid may be a basic component in these body 
systems. The 3% to 5% annual reduction in the 
number cells comprising the thymic 
microenvironment continues until middle age, at 
which time the process slows down to less than 1% 
per year. Total loss of thymic reticulo-epithelial 
tissue and associated thymocytes should occur at the 
age of 120 years in humans. Kendall and co-workers 
(33) conducted 574 autopsies on subjects aged 3 
months to 98 years and concluded the following: 

1 . thymus weight decreases with aging; 

2. between the age of 10 and 60 years, total weight 
of the thymus varied little (at 1 0 years the range 
was 21g to 30g, while at 58 years it was 19g to 
29g); 



3. thymic water content drops from 72% at 10 

years to 30% at age 50; and + lipid and collagen 

content increases during the aging process. 

Steinmann and co-investigators (36) examined 
136 postnatal thymic tissues from accident victims 
and another 68 removed during open-heart surgery, 
from subjects aged one month to 107 years. Their 
two most important conclusions are still valid today: 
"...age dependent involution is not related to 
puberty" and "...even in 100+ year old humans 
thymic epithelial tissue remains with cortical 
lymphocytes present". Authors of classical 
thymology had already reported that the maximum 
size of the thymus is attained at one year of age, 
followed by a slow steady drop until the age of 15, 
at which time adipose tissue begins replacing thymic 
cells (44). There is no doubt that thymic involution 
is influenced by a variety of exo- and endogenous 
factors. 

The reduction of the thymic cellular 
microenvironment is a well controlled physiological 
process and is presumably regulated locally by 
peptides (i.e. thymic hormones) secreted by the cells 
of RE meshwork, as well as more globally by a 
number of gonadal peptides, in addition to the 
numerous cellular and humoral interactions within 
the neuro-endocrine-immune axis (45-63). 
Sensitivity of the thymus to sex hormones and the 
establishment of its connection to the hypothalamic- 
gonadal-immune regulation pathway develop during 
postnatal thymic histogenesis, and this has been well 
documented at the cellular level in the partially 
involuted thymus (64-68). The immune system, by 
virtue of its physiological association with 
reproductive functions, can also contribute to 
evolution (69-76). Immune regulation has long been 
suspected of having a direct influence on 
neurological functions and the observation of 
cytokines within the central nervous system (CNS) 
has led to a new field of research (77, 78). Cytokines 
such as Interleukin 1 (IL-1), IL-2, IL-6 and tumor 
necrosis factor [TNF] have been shown to play a 
role in the growth of nerve cells and astrocytes, 
while others like IL-1, Interferons (IFNs) and PAF 
are involved in aiding the secretion and action of 
neurohormones, mainly of CRF and ACTH (63,79). 
There are a number of cytokines (IL-1 a, IL-1 (3, IL- 
2, IL-6 and TNFa - for review see [80]) released 
during the activation of immunological effector cells 
which are also capable of interfering with the 
hypothalamo-gonadal axis (81-84). Significant 
alterations in sexual functions have been observed in 
cases of congenital absence of the thymus in humans 
and in nude animals, born without a thymic cellular 
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microenvironment and therefore lacking the 
development of the T lymphocyte dependent 
immune system (85, 86). Such mice, as well as 
neonatally thymectomized ones, display a delay in 
the onset of puberty and an altered sexual cycle. 
These sexual defects were effectively corrected by 
transplantation of thymic tissue upon birth, but 
neither immunological reconstitution with T 
lymphocytes nor germ-free living conditions were 
able to induce normal sexual development. 
Obviously, the lack of thymic tissue rather than 
immunodeficiency is the cause of this sexual 
deficiency (81, 87). The forces of natural selection 
forces seem to thus impede the reproduction of 
immunodeficient animals, while favoring the 
reproduction of healthy individuals capable of 
developing an efficient immune system. The 
castration of aged males resulted in substantial 
growth of the thymus, but thymic growth could be 
prevented by administration of testosterone (88, 89). 

In describing physiological (i.e. chronic) 
involution of the thymus, we usually use the term 
"Altersinvolution" or age related involution (the 
phenomenon first described and the term coined by 
Charleton in 1659 [90]). All other types of thymic 
involution have an initial trigger and a relatively 
"acute" mechanism (e.g. after irradiation, starvation, 
hormonal influence, chronic systematic diseases 
such as AIDS, tuberculosis, congenital syphilis, 
etc.). Hormones influencing thymic involution are 
numerous and correspond to various intensities of 
organ involution: testosterone, estrogen, and 

hydrocortisone treatment result in marked 
involution, cortisone and progesterone 
administration caused slight to moderate, while use 
of desoxycorticosterone had no effect on thymic 
tissue (91-95). The experimental administration of 
thyroxine was associated with alterations in the 
structure of the thymus in a dose dependent manner: 
low doses resulted in thymic hypertrophy, higher 
doses produced slight hypertrophy, while the highest 
doses observed caused thymic atrophy. The atrophy 
was of apicnotic type, quite different from that 
detected after treatment with corticoid hormones 
(91, 96). Thyroxine injections have also been shown 
to augment antibody production by B lymphocytes 
and thymulin secretion by thymic RE cells in aged 
mice (97). 

Temporary involution occurs during pregnancy, 
with restoration of the entire cellular 

microenvironment at the end of lactation, as well as 
during different seasons (seasonal involution) (98, 
99). Pregnancy results in a change in the 
adaptational homeostasis between the 



neuroendocrine and immune systems. Essential 
changes in the function of endocrine glands take 
place in the mother (61, 100). The most significant is 
the presence of the placenta, a gland of internal 
secretion, which develops de novo and produces 
choriogonadotropin, as well as great amounts of 
other steroid and protein hormones. Advanced 
pregnancy produces one-hundred fold increase in the 
quantity of estrogen and a ten fold increase in the 
levels of progesterone and prolactin. In addition, the 
anterior lobe of the hypophysis produces more 
adrenocorticotropic hormone (ACTH), while the 
adrenal cortex increases its secretion of cortisol 
(101-103). 

In lizards, marked seasonal morphological 
alterations have been reported in the formation of 
intercellular cystic structures (104-106). 
Observations of the thymus of fawn, yearling and 
adult female mule deer ( Odocoileus hemionus 
hemiomis ) established that the volume of the organ 
was different in each group depending on the 
particular season (107). Thymic volume was lowest 
during the winter (December to February), 
independent of whether the deer were pregnant or 
not, and was highest during spring and early summer 
(May to July). The fawn thymus reached its highest 
volume during the summer, although pregnant 
females had lower values than their male 
counterparts, but even in these females, the weight 
of the thymus gland was still significantly higher 
than in the winter. It has been proposed that the 
length of exposure to daylight may be the 
determining environmental factor in these cases. 

In all factor-dependent (secondary) thymic 
involution cases we employ the term "acute, 
accidental" thymic involution originally termed 
"akzidentelle Involution" (29, 108-112). The 

unfortunate Chernobyl nuclear power plant accident 
was the greatest radiation correlated "experiment" on 
humans. Changes in the cellular immune response 
were detectable in subjects who had been exposed to 
a one Gy or higher dose of radiation. A significant 
decrease in the number of CD3 CD4 and CD5 CD8 
lymphocytes was detected in persons who worked 
within a 30 km radius of the nuclear power plant 
following the accident (113). A much lower level of 
thymosin-al was determined in the blood of persons 
working within this zone for 4.5 to 5 years. 
Autoantibodies against the cells of thymic RE 
network had developed after working within this 30 
km radius for 3 to 3.5 years. A significant decrease 
in the numbers of helper and suppressor T 
lymphocytes in individuals in regular contact with 
small doses of radiation has also been reported. 
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Thymus transplantation experiments indicate 
that age-related, physiological thymic involution has 
been genetically preprogrammed (114, 115). The 
thymus glands from one week old mice of the C3H 
leukemic strain were grafted into 6 month old hosts, 
and it was found that the changes in thymic weight 
and the involution patterns in the hosts were 
synchronous and in direct correlation with the glands 
of the donor, and not the host. Therefore, Metcalf 
suggested that the stimulus for thymus cell growth 
and proliferation is genetically determined within 
the implant. When multiple thymic grafts were 
placed in the same host, each graft was found to 
grow to a normal, full size (116). The transplantation 
of neonatal thymic tissue into aged mice had no 
effect on their age-related decline in graft vs. host 
and other cellular immunological responses (117). 
Cells transplanted from old to young mice retain 
their original characteristics and are never 
rejuvenated (118). The best results were achieved in 
the transplantation of GH 3 pituitary adenoma cells, 
which secrete growth hormone and prolactin, into 1 6 
to 22 month old female rats, resulting in high level 
in situ regeneration of already involuted thymic 
tissue. The rats were sacrificed after two months 
following the subcutaneous pituitary adenoma cell 
implantation. The observed thymuses contained a 
great number of cortical thymocytes and the original 
thymic architecture was restored (119). The 
reappearance of a histologically normal thymus in 
aged rats was accompanied by a restoration of the 
proliferative abilities of peripheral T lymphocytes 
when exposed to lectins and the synthesis of IL-2. 

"In adults the thymus is transformed into 
mass of adipose tissue containing scattered 
islands of lymphatic tissue composed of thymic 
epithelial regions where endodermal epithelial 
cells form a network, and of reticular connective 
tissue with argyrophilic fibers. The epithelial 
regions of the thymus do not disappear 
completely, even in old age." - Hammar, 1926 
(16) (cited by von Gaudecker [32]) 



2. MORPHOLOGICAL CHANGES IN 
THYMIC ARCHITECTURE DURING 
INVOLUTION 

Acute thymic involution, which is predominantly 
characterized by massive loss of cortical 
thymocytes, was detected in our total body 
irradiation (TBI) and stem cell transplantation 
experiments on dogs (Fig. 1 and 2) and mice. The 
formation of other morphological structures, 



identified as thymic cysts, was also noted between 
days 10 and 20 (112). The thymic cysts 

demonstrated the presence of secretory products 
(probably concentrated thymic hormones), and thus 
may represent the hormonal microenvironment for 
thymocyte maturation within the involuting thymus 
(Fig. 3). A number of degenerative FtassaH's bodies 
(FIBs) also demonstrated some microcystic changes 
(Fig. 4). In our experiments, the regeneration of 
thymic lymphopoiesis was impaired even after 
transplantation of hematopoietic stem cells. The 
same results were reported in lethally irradiated mice 
rescued by transplanted bone marrow from aged 
donors (120-124). 

Age-related, physiological thymic involution is 
morphologically characterized by a progressive and 
continuous loss of predominantly immature, cortical 
lymphatic cells, and changes (a kind of 
redevelopment) in the organ architecture. As a 
dominant pattern of its involution, the thymus first 
loses the great majority of its cortical, 
immunologically immature thymocytes (up to 95%) 
and then its typical lobular structure, resulting in the 
re-mixing of the cortical and medullar areas 
(inverted thymus). 

The extremely high intrathymic mitotic rate 
(highest in mice at birth [117]) is significantly 
lowered with advancing age in mammals (125). In 
our experimental studies in aged humans, thymocyte 
differentiation and maturation is slow and an 
increase in the amount of space between reticulo- 
epithelial (RE) cells is always present. During the 
process of involution, the immunocytochemical 
expression of differentiation antigens did not change 
on single thymocytes. We confirm the earlier 
reported increase of CD1 and significant decrease of 
CD6 expression in immature thymocytes. In the 
thymic medulla, an increased number of CD 8 , 
cytotoxic/suppressor T lymphocyte subset were 
detected (126-128). A constant velocity of 
lymphopoiesis emerges during the first decade of 
life, and decrease in rate thereafter (121, 129). The 
immunocytochemical observation of terminal 
transferase (TdT) resulted in the confinement of its 
expression to the 6th and 7th decades of life in 
humans (127). In the postnatal thymus, CD40-ligand 
positive (CD40-L ) T lymphocytes were present in 
the medullary region. Overexpression of CD40-L on 
thymocytes altered the architecture of the thymic 
microenvironment, as reflected by a dramatic loss of 
cortical RE cells, expansion of the medullary region, 
and extensive infiltration of the thymic capsule with 
CD3 cells, B lymphocytes, macrophages and 
dendritic cells (130). The mentioned events also 
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predict a serious shortage in the intrathymic 
maturation of double positive (DP) T lymphocytes 
with the IP TCRa(3 hi CD4 + CD8 + CD69 + (131, 132). 
Immature CD4 CD8 DP thymocytes expressing self 
MHC-restricted TCR are positively selected by the 
thymic cellular microenvironment in response to 
TCR signals to survive and mature into 
immunologically competent CD4 or CD8 single 
positive (SP) T lymphocytes. The DP precursors 
expressing autoreactive TCR are clonally deleted 
(133, 134). The hallmarks of positive selection 
include increased expression of CD5 and Bcl-2, 
termination of recombination activation gene (RAG- 
1) and pre-Ta gene expression, and a switch in lek 
promoter employment. Signals mediated via CD4 or 
CD28 also synergize with TCR signals to induce 
these outcomes. Other well-known events of 
maturation such as changes in the expression of 
Thy-1, HSA, MHC class I and CD45-RB are not 
included in this early selection process. Conditioned 
thymic RE cell culture medium decreased the 
density of Thy-1 antigen on thymocytes, especially 
the peanut agglutinin (PNA) reactive immature 
thymocyte subpopulation (120, 135). 

The volumes of lymphocytic perivascular 
spaces, connective tissue, and the cellular 
organization of Hassall's bodies (HBs) reach a 
maximum not at puberty, but, as was already 
mentioned, by the end of the first postnatal year, and 
thereafter begin to decrease, most likely due to the 
growing neuro-endocrine influence. 

Our immunocytochemical results in the human 
thymus, as well as our TEM and SEM, and electron- 
immunocytochemical observations of other 
thymologists on mammalian thymic RE 
microenvironments identified a heterogeneous IP for 
RE cells on the basis of their MHC-coded surface 
antigen expression (136-145). Steinmann (127) 
described two distinct architectural patterns for the 
aged thymic RE cell meshwork: a) as a delicate 
reticular network, with an axis perpendicular to the 

thymic capsule organization of RE cells; and b) 

+ 

depleted, with complete loss of reticular HLA-DR 
RE structures, organized in island-like structures of 
varying sizes (tissue remnants), mostly within the 
thymic cortex (146-148). 

CD60 A B neuroectodermally derived RE cells, 
such as thymic nurse cells (TNCs) located in the 
subcapsular cortex, also remain within the involuting 
thymic cellular microenvironment (149-156). The 
ability of TNCs to provide an enclosed intracellular 
and humoral microenvironment for maturation and 
differentiation of cortical thymocytes has already 



been established. The distribution of CD40 antigen 
and CD40-L was also determined in the murine 
thymus during prenatal organogenesis, as well as in 
aged animals (130). Before birth, CD40 was almost 
exclusively localized to foci of medullary RE cells. 
After birth, a dramatic upregulation in the cortical 

RE cellular meshwork, accompanied by a 

+ 

consolidation of medullary CD40 foci was reported. 

A variety of thymic hormones and protein 
products (such as TsIF, a 75 kD protein, which is 
able to induce differentiation and maturation of T 
suppressor lymphocytes, with the Thy-1 CD3 CD8 
IP, from bone marrow progenitors - patented by 
Ventrex Laboratories Inc., Portland, ME [157]) are 
produced by the heterogeneous subpopulations of 
thymic RE cells (145, 158-160), as was 

demonstrated by immunofluorescent and 
immunocytochemical techniques (thymosin-al 
[161]; facteur thymique serique [FTS]/thymulin 
[162-166]). In humans, the age related decline in 
serum FTS levels was observed to occur after 20 
years of age, and FTS completely disappears from 
circulation between the 5th and 6th decades of life 
(167-174). In contrast the serum levels of thymosin- 
al and thymopoietin seems to decline earlier than 
that of thymulin, starting as early as 1 0 years of age 
(175, 176). 

During childhood, the human thymus is 
separated into lobules by thin septa of connective 
tissue. During life, especially in elderly people, the 
interlobular septa have greatly expanded and mostly 
contain fat cells, while adipose connective tissue 
develops under the thymic capsule, further 
separating the true thymic tissue from the capsule 
(20, 31, 129, 177-179). During and after the 2nd 
decade of life, only small cell-tissue remnants of true 
thymic microenvironment remain, as medullary RE 
cells surrounding a centrally located blood vessel 
(112, 127, 180). In mice, the loss of real thymic 
tissue is not accompanied by the overgrowth of 
connective tissue; the gross thymic size reduction is 
extremely significant. The smaller thymus is also 
less efficient in the production of T lymphocytes; 
only an estimated 0.7% of the newborn T 
lymphocyte number was detected in a 24 month old 
mouse (181). 

In conclusion: 

1. The well determined, dramatic loss of 
ontogenetically developed cells (stromal) of the 
thymic microenvironment and their basic 
regulatory-inductive functions during involution 
is unique to the mammalian organism; 

2. In humans, the total amount of lymphopoietic 
thymic tissue decline is in direct correlation 
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with age during the first 1 to 10 years of life 
(phase I, 5% per annum [127]); 

3. When age-related groups of both sexes are 
compared, no statistically significant differences 
could be determined; and 

4. The functional neuro-endocrine-immune 
morphological units of the thymus represented 
by the cells of the RE meshwork, the associated 
non-lymphatic stromal elements (dendritic cells, 
macrophages, Langerhans cells, interdigitating 
cells), and a limited amount of cortical 
thymocytes, are never completely lost during 
the various types of thymic involution. 



3. HYPOTHESES ABOUT THE 

MAMMALIAN AGING PROCESS 

Aging is an extremely complex physiological 
phenomenon of great significance. Despite hundreds 
of observations and diverse hypotheses, no unifying 
or proven hypotheses have emerged. However, 
aging is a multifactorial process composed of both 
genetic and environmental components. Each body 
system, each tissue, and each cell type appears to 
have its own trajectory of senescence. Cellular 
clocks are present and operate in accordance with 
higher order clocks. 

A great amount of data at the cellular level has 
accumulated from experiments conducted under well 
defined and controlled physiological and 
environmental conditions in the hopes of advancing 
our understanding of the aging process (182). A 
critical review of the theories of cellular aging was 
published in 1994 by Toussaint and Remade (183). 
The authors demonstrated that all of the developed 
hypotheses can be integrated into a more general 
concept, "the concept of critical threshold of error 
accumulation", taking into account the protective 
role of suppressor/inhibitory or defense systems in 
avoiding a quick increase in the level of intracellular 
errors. 

Historically, Weissman (184, 185) was the first 
biologist of the evolutionary era to advance a theory 
of the aging process. He based his theory on 
Darwinian evolution and especially the concept of 
natural selection. He stated that the capacity of the 
multicellular organism to replace cells by cell 
division is finite and proposed: "aging is the price 
somatic cells paid for their differentiation". Cells 
just wear out, due to permanent devastating actions 
of environmental stress. He was also the first to 
suggest that the failure of somatic cells to replicate 
indefinitely limited the life span of the individual 



organism. This proposal was contradicted by Carrel's 
tissue culture observations, in which he was able to 
grow chicken heart cells in vitro for 34 years, from 
1911 (186) to 1945. This was compelling evidence 
that individual cell types, freed from the constraints 
of the whole multicellular organism, are practically 
immortal. Hayflick (187) reported tissue culture 
experiments on human amnion cells, which were 
altered in vitro to form an established cell line 
(WISH). He stated that to preserve diploidy, cultured 
human cells can divide up to 50 times (i.e. get 50 
population doublings [PDs]), but this number is not 
related to time (188-190). The most important 
discoveries of Hayflick were: a) tumor cells or in 
vitro cell lines from normal tissue are heteroploid 
and have indefinite proliferative abilities; and b) his 
experimental data postulated that the clock of 
mammalian aging is intrinsic, existing within the 
cell. However, the burning question remains: Do in 
vitro PDs reflect the in vivo reality of cell 
proliferation? Kohn (191) detected 565 PDs in 
mouse tongue epithelium. He also reported that cell 
proliferation times were similar in young and older 
rats, and he discovered that erythrocyte precursors 
isolated from very old rats survived and proliferated 
for 13 months beyond the donor's life-span. Bell and 
co-investigators pointed out that in vitro cell life- 
span was monitored by experiments of forced cell 
divisions (192). These authors repeated the initial, 
basic question: Aging or Differentiation? 

Developmental-genetic hypotheses consider the 
complex process of aging to be part of genetically 
programmed and regulated pre- and postnatal 
histogenesis and cell maturation. Although this 
suggestion is attractive and partly acceptable, the 
diverse expression of aging effects is in sharp 
contrast to the tightly controlled and strict 
ontogenetic processes of any aspects of 
development. An important and critical point is that 
genes expressed in late postnatal life probably do not 
play a significant role in the evolution of species 
(193-199). 

Williams (193) clearly describes that natural 
selection should proceed in the direction of 
lengthening life which put it in opposition to aging. 
However, senescence might well favor vertebrate 
group survival by eliminating the aged individuals 
from competing with the younger for food and 
mates. Sexual drive and reproductive ability 
generally decrease in direct correlation with age. 
Thus, an evolutionary tendency may be represented 
by the older giving way to the young in the survival 
of species. 
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In the next several paragraphs, we wish to 
discuss regulation and single organ system 
hypotheses of aging. These are correct in many 
aspects, but all are only able to represent part of the 
complex process of aging of the whole mammalian 
organism. 

3.1 Immunopathological Hypothesis of Aging 

Moodie (200) was the first to suggest that 
immunity is involved in the aging of an organism. 
Further development and enrichment of the 
immunologic hypothesis was the formulation of the 
"spontaneous somatic mutation theory of aging" 
proposed in 1962 by Walford (201). Spontaneous 
cell mutations lead to great genetic diversity of cells, 
resulting in total immunologic disharmony and 
development of autoreactive cell lines and clones. 
He concludes: "Aging is fundamentally concerned 
with histocompatibility reactions between 
immunologically diversifying cells" and later he 
defined the aging process as "a generalized 
prolonged type of autoimmune phenomena" (202). 
There is no doubt that a great number of 
histocompatibility diseases such as arthritis, 
nephrosclerosis, neoplasia, etc. can be 
pathogenically linked to the overall aging process. 
Genetic instability syndromes are also associated 
with accelerated thymic involution, such as that 
reported in Down's syndrome and in ataxia 
telangiectasia (203, 204). Ram (205) reported 
secondary evidence of immune function decline with 
age, and this process was related to a number of 
autoimmune diseases. Burnet (206) combined the 
Hayflick limit (the allowed 50 cell divisions) and the 
immunological theory of aging, putting in his view 
the thymus at the center of mammalian aging. 
Burnet's conclusions can be summarized as: 

1. aging is a process genetically preprogrammed 
and varies between species; 

2. the program is mediated by a metabolic clock, 
manifested in the Hayflick limit; 

3 . the thymus dependent immune system plays the 
role of key system, its exhaustion being 
responsible for mammalian aging; 

4. immune surveillance is the most significant 
function of the thymus dependent immune 
system, and such surveillance is capable to deal 
with the endless somatic mutations; and 

5. when immune surveillance declines, neoplastic 

transformation and autoimmunity 

(autoreactivity) take over. Burnet (207) also 
refers to the age related increase of malignant 
tumor incidence as a direct correlation to 



alterations of age related immunoendocrine and 
metabolic shifts, increasing the cellular 
sensitivity to carcinogens. Kay (208) named the 
thymus "an aging clock for the immune system 

The "clock" could be located in the T 
lymphocytic compartment of the thymus, which 
means a self destruction through clonal exhaustion 
or within the heterogeneous RE cells, where the 
declined production of thymic humoral factors and 
the changes of various surface receptors on RE cells 
can play an important role in immune changes. 
Rabin (209) also saw the thymus as a critical organ 
of mammalian aging, "a clock of aging", but also 
related T lymphocyte activity to dietary regimes, 
thus relating the effects of metabolism and nutrition 
on thymic atrophy and lowered immune defense. 
Certainly, when the malnutrition is severe, such as 
seen regularly in third world countries, thymic 
atrophy is great and the level of immune defense 
could be very low (210). New data has led to the 
interpretation of chronic, age dependent thymic 
involution as occurring due to the cytolytic depletion 
of the cells of stromal microenvironment (62). The 
usual alteration rate of single thymic self protein is 
in the range of 2 to 4 x 10 per gene and year. Every 
altered peptide is presented on the RE cell surface in 
context of MHC class 1 antigens, and only minimal 
alteration in a protein leads to cytolysis, and cell 
destruction. We cannot argue that monitoring of cell 
surfaces for abnormal (altered) peptides presented 
by MHC class I antigens represents the primary 
function of cytolytic, MHC Class I restricted, CD8 
T lymphocytes. This cellular response is extremely 
effective, as few as 200 foreign peptides can be 
recognized on a target cell (211, 212). It is well 
established that the original T lymphocyte repertoire 
remains fairly constant up to senescence, 
demonstrating the great stability of intrathymic 
clonal deletion, despite the overall genetic instability 
(213). A great variety of peripheral self-antigens 
have been approved by the thymic RE cells during 
intrathymic self-tolerance induction and clonal 
deletion of self-reactive T lymphocytes. In 
autoimmune disorders, we can also expect 
disturbances in immune-endocrine regulation via the 
hypothalamo-pituitary-adrenal axis (214). 

3.2 Neuroendocrine Hypotheses 

Neuroendocrine regulation is well documented 
in cell growth, maturation and differentiation (36, 
124, 215). The mice experiments of Cotzias and co- 
investigators (216) clearly demonstrated increase of 
longevity after administration of 40 mg/g body 
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weight of the neurotransmitter L-dopamine. The rate 
of living (metabolism) and the neuroendocrine decay 
hypothesis are related in many ways, such as chronic 
starvation and loss of body weight leading to a 
significant increase in dopamine receptors (up to 
50% in dietary restricted rats in direct association 
with a 40% increase of longevity) (217). The 
connection between aging and the interaction 
between the neuroendocrine and immune systems 
(i.e. the thymus) has also been discussed (218, 219). 

Next, it is necessary to summarize the most 
acceptable, present hypotheses of aging as related to 
chronic thymic involution, involving the whole 
body. 

1. As we have already mentioned above, one of 
the explanations of age related, chronic thymic 
involution is "wear and tear", with progressive 
loss of thymic function following the 
deterioration of the cellular machinery of the 
thymus (220-223). As a criticism of this 
hypothesis, we support the opinion of George 
and Ritter (38) that this explanation is very 
mechanistic and does not take into account the 
great regenerative abilities of thymic tissue, as 
described in involution caused by stress, 
infection, pregnancy, corticosteroid and 
hormonal treatments (224, 225). Therefore, we 
think that the tissue restorative abilities of the 
thymus should be capable of either preventing 
or rebuilding the normal thymic architecture 
following age-related involution. As we 
mentioned, this chronic involution is also 
controlled by the neuro-endocrine-immune axis 
and can be slowed down significantly by 
procedures such as castration, which supports 
the argument that it is not simply a consequence 
of wear and tear (226, 227). 

2. The disposable soma hypothesis was suggested 
by Kirkwood (228) by analogy to disposable 
goods that are manufactured only for a limited 
time. The complex process of aging is 
interpreted mechanistically as the result of an 
organism's optimization of investment in 
maintenance. The repair mechanisms necessary 
to counteract damage caused as a result of "wear 
and tear" require a considerable investment of 
energy, but a lot of energy is also needed for the 
sexual production of progeny to ensure further 
passage of genes from one generation to the 
next. According to Denckla's hypothesis, natural 
selection favors the most efficient individuals at 
survival and their genome will be represented in 
a greater extent of future generations (229-233). 
According to the hypothesis, the mammalian 



organism for the non-germline soma will spend 
energy only for maintenance, trying to keep a 
balance between the body systems in function 
and fitness. Maximum effort (energy) is 
invested in germline cells as they represent the 
important cells of propagation, so they show no 
senescence as they are passed from one 
generation to the next. According to this 
hypothesis aging is avoidable and can be 
detected only in somatic cells in mammalian 
heterosexual organisms. It is remarkable that 
cells in negetatively reproducing animals 
demonstrate no senescence. Although the 
thymus is known to regenerate partially in old 
mice after gonadectomy, a complete 
morphological recovery has not been observed 
(234). 

3. Hypothesis of direct adaptation. Thymic tissue 
during its central lymphopoietic function 
demonstrates a very high proliferative index 
(128). It contains 10 thymocytes of which 20- 
25% are produced by cell division every single 
day. It is accepted as very wasteful since 95% of 
immunologically immature thymocytes die 
within the thymic tissue as a result of security 
mechanisms designed to eliminate autoreactive 
T lymphocyte clones and to select an useful 
MHC-restricted T lymphocyte repertoire (38, 
235, 236). Therefore, an immunologically 
efficient selection mechanism is quite energy 
and resource expensive. The structural 
reorganization of thymic structure during age 
related, chronic involution means that the organ 
might itself be at risk of neoplastic 
transformation. Loss of functional thymic tissue 
may be a protective regulatory mechanism to 
decrease the incidence of thymomas. Generation 
of immunocompetent T lymphocytes may be 
diminished because it is of direct benefit to the 
animal to supply the secondary lymphatic 
organs in the periphery with fewer functionally 
mature T lymphocytes. Certainly this suggests 
that the continuous intrathymic production of 
functional, immunocompetent T lymphocytes 
represents a direct disadvantage for the 
mammalian body, because of an increased risk 
of autoimmunity or a direct destructive effect of 
the cellular immune response on other tissues 
and organs in the body (237-240). An exception 
is the age-related enlargement of the thymus in 
the Buffalo rat (241). However, RE cell 
hyperplasia was detected only in the cortical 
region and was absent in the thymic medulla. 
Since the medullary region appears to be only 
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accessible to recirculating T lymphocytes, the 
age related immunological changes are real. 

4. Theory of genetically active factors. 
Mammalian embryonal development is also 
regulated by genetically active chemical 
compounds such as retinoids (naturally 
occurring and synthetic analogs of vitamin A - 
retinol) (242-249). These compounds play an 
important role in normal organogenesis, but can 
also act as teratogens at high levels. They are 
also powerful inducers of differentiation in 
many embryonal carcinoma cell lines. 
Embryonal carcinoma cells are also pluripotent 
stem cells that in a number of aspects resemble 
the omnipotent stem cells of early mammalian 
embryogenesis (250-254). Most of the 
embryonal teratocarcinoma cells seem to be 
committed to a specific differentiation pattern 
regulated by their genetic programs (e.g. F9 
cells differentiate into parietal or visceral 
endoderm) (255-258). 

Zinc (Zn) is an essential trace metal for the 
optimal biological efficiency and function of several 
tissues in the mammalian organism, including the 
lymphatic (immune) system and the integrity of the 
thymic cellular microenvironment (259-262). During 
aging, the body's zinc pool undergoes a progressive 
reduction, resulting in low zinc plasma levels and 
the negative crude zinc balance observed in aged 
humans, mice and rats (210, 263-265). It has been 
proposed that the reduced bioavailability of zinc 
with advanced age may represent one of the major 
causes for the involution of the thymus and the 
ensuing immunological dysfunctions (266-270). It 
has also been shown that low-dose zinc 
supplementation leads to at least a partial restoration 
of nutritional and thymic status in elderly patients, 
without the risks associated with high-doses of zinc 
(271). 



4. AGE-RELATED CHANGES IN THE T 
LYMPHOCYTE DEPENDENT 
IMMUNOLOGICAL SYSTEM - 
IMMUNOLOGICAL SENESCENCE 

It is obvious that this age related, chronic thymic 
involution precedes the decline of immunological 
defense in mammals (124, 272-274). Since the 
thymus is the primary (central) T-lymphopoietic 
organ during ontogenesis in the mammalian 
organism, its age related involution with the already 
mentioned morphological alterations can be held 
responsible only for a decline in antigen-specific T 



lymphocyte immune functions (3, 127, 275-284). 
Adult thymectomy has been shown to result in T 
lymphocyte deficiency in humans (285). These 
results were published 22 years ago, and 
unfortunately every single day during open heart 
surgeries a great number of thymic glands are 
simply eliminated to ensure better access to the 
heart. Clinical studies of elderly humans are fraught 
with methodological difficulties due to the 
heterogeneity of the population and presence of age- 
related diseases of high incidence in late life 
including diabetes, heart disease, cancer, 
amyloidosis, Alzheimer's disease, atherosclerosis, 
vascular damages, exposure to environmental 
pathogens and different living conditions and stress - 
all defined as associated with malfunctions of 
cellular immunity (203, 286-290). In particular, T 
lymphocyte dependent immune functions seem to 
decline in elderly humans (see a detailed review by 
Steinmann [127]). The non-adaptive part of the 
immune response appears to remain relatively 
unaffected in older organism; in fact, the frequency 
of NK cells has been observed to be higher (127, 
291). Antigen non-specific cells, such as NK cells, 
neutrophil granulocytes, macrophages take over in 
the aged organism, and their production does not 
require a large amount of body energy, as these cells 
do not undergo a self-antigen tolerance selection. 

Antigen presentation and other immunological 
functions mediated by dendritic cells (DCs) and cells 
that belong to the monocyte/macrophage lineage 
demonstrate no serious loss of capacity with age 
(292). The bone marrow, the site of dendritic, B 
lymphocyte, and myeloid cell production also does 
not appear to be significantly impaired with age, 
although some morphological alterations have been 
identified, including the age related lipocyte deposits 
(284, 288, 293-297). Indeed, flow cytometric 
analyses have demonstrated that the potential of 
CD34 CD33 CD64 bone marrow derived 
hematopoietic stem cells which differentiate along 
myeloid cell lineages is enhanced during adult 
hematopoiesis in mammals, also expressing the 
MIC2 antigen detected using the monoclonal 
antibody 12E7 (298, 299). Expression of MIC2 
antigen was also identified in the most immature 
lymphocytic (intrathymic thymocyte lineage, 
characterized by the antigenic profile CD34 m- ‘ or 
CD7 + surface CD3'CDla wcak CD4 weak or CDS”") and 
granulocytic differentiation stages. Relatively high 
MIC2 antigen densities were also identified on CD3 
CD16 CD56 NK cells and on CD14 + monocytes 
and it has been proposed that the thymic RE cellular 
microenvironment was the inductive site involved in 
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the maturation of these cells from CD34 + stem cells 
(300). In mice, myeloid-committed hematopoietic 
progenitor cells have also been identified by 
multiparameter cell sorting with the expression of 
antigen ER-MP58 in combination with monoclonal 
antibodies ER-MP12 and ER-MP20 generated 
against immortalized macrophage precursors (301). 

Intrathymically generated immunocompetent T 
lymphocyte subpopulations are composed of 
relatively long-living cells which undergo clonal 
expansion in response to every single antigen 
stimulation during the postnatal life. Moreover, 
peripheral (secondary to the thymus) lymphatic 
organs such as the spleen and lymph nodes 
demonstrate no age related reduction in size, 
although there may be alterations in the cell 
proportions that populate these structures (291, 302). 
Once the peripheral, immunocompetent T 
lymphocyte pool is established, loss of the thymus 
will not result in life threatening loss of cellular 
immune responses. Extreme consequences of having 
a limited T lymphocyte pool were seen when novel 

5. FIGURES 




Figure 1. Postnatal dog thymus after total body irradiation 
(TBI) (3x6 Gray [Gy] dose) and autologous bone marrow 
transplantation. Long term (344 days) observation. 
Cortical thymic tissue typical of chronic involution, with a 
minimal number of cortical immature thymocytes and the 
presence of RE cells. A big cyst is present in the center, 
containing differentiating lymphatic cells. Schaffer tissue 
fixation; Methacrylate embedding; 3 pm section; Giemsa 
staining. Magnification: 100 x. 



pathogens (with virus-like life cycles) attack isolated 
island or elderly communities. There are several 
reasons why the B lymphocyte system may not 
undergo accelerated changes during aging. First of 
all, B lymphocytes need only negative selection, so 
their depletion is less (75%) than that of 
immunocompetent T lymphocytes. Second, during 
postnatal life, production of B lymphocytes is 
maintained by the bone marrow and is more 
important for host defense mechanisms than the 
production of new T lymphocytes. 

In view of the several age related changes of the 
mammalian immune system mentioned above, it is 
still not fully understood why such morphologically 
dramatic thymic involution should take place. It 
appears to be a general neuroendocrine-regulated 
protection of the extremely effective T lymphocyte 
immune system and its functional integrity from the 
harmful consequences of the genetic instability of 
senescence 







Figure 2. Postnatal dog thymus following TBI (3x6 Gy) 
and autologous bone marrow transplantation. Long term 
observation of the experimental beagle (sacrificed at day 
344 after Eradiation). This figure represents features 
characteristic of partially restored acute thymic involution. 
The thymic cortex is empty with only a small number of 
thymocytes. The formation of two cysts, sun'ounded by 
cortical RE cells near the interlobular connective tissue 
(ICT) is also evident. Schaffer tissue fixation; 
Methacrylate embedding; 3 pm section; Giemsa staining. 
Magnification: 400 x. 
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Figure 3. Postnatal dog thymus after partial, one time, 
upper body irradiation using a single 12 Gy dose. Middle 
period of the survival of the experimental animal (204 
days). Cortical thymic cyst filled with developing 
hematopoietic cells. The cyst's wall is formed by ciliated 
thymic RE cells, demonstrating the great transformational 
capacity of these cells. Schaffer tissue fixation; 
Methacrylate embedding; 3 (tm section; Giemsa staining. 
Magnification: 400 x. 




Figure 4. Postnatal dog thymus following TBI (3x6 Gy) 
and autologous bone marrow transplantation. Long term 
observation of the experimental animal (sacrified at day 
344 after irradiation). Medullar thymic Hassall's body 
(HB) with a variety of histogenetic changes, as compared 
with HBs during prenatal ontogenesis. The 
commencement of cystic formation is clear, and 
intracystic thymic secretory (hormonal) fluid is already 
evident. Schaffer fixation; Methacrylate embedding; 3 pm 
section; Giemsa staining. Magnification: 400 x. 
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Chapter 8 

Thymic Hormones in Cancer Diagnosis and Treatment 



Abstract: The thymus is an endocrine organ. A unified, physiological concept of humoral regulations of the immune response has 

emerged in the last four decades. The thymus is the major site of production of immunocompetent T lymphocytes from 
their hematopoietic stem cells. This complex process requires direct cell to cell, receptor based interactions, as well as in 
situ paracrine information via the numerous cytokines and thymic hormones produced by the cells of thymic 
microenvironment. Thymic hormones induce in situ T-cell marker differentiation, expression and functions. These 
polypeptide hormones have also been shown by means of immunocytochemistry to localize in the reticulo-epithelial (RE) 
cells of the thymic cellular microenvironment. Due to the great complexity of the intrathymic maturation sequence of T 
lymphocytes and the diverse immunophenotypically unique subpopulations of T lymphocytes, it is quite unlikely that a 
single thymic humoral factor could control all of the molecular steps and cell populations involved. It is much more likely 
that an extremely rich and diverse, but genetically determined, milieu is present within the thymus, and that thus the 
control of intrathymic T lymphocyte maturation and the functional maturation of T cells involves the orchestral interaction 
of various thymic-specific factors and other molecules during the differentiation process. Thymosin fraction 5 and its 
constituent peptides influence several properties of lymphocytes including cyclic nucleotide levels, migration inhibitory 
factor production, T-dependent antibody production, as well as the expression of various cell surface 
maturation/differentiation markers. Recently, derivatives of thymic hormones, mostly of thymosins, have been detected as 
products of neoplastically transformed cells and employed in the early diagnosis of neoplasms. In clinical trials, thymic 
hormones strengthen the effects of immunomodulators in immunodeficiencies, autoimmune diseases, and neoplastic 
malignancies. Combined chemo-immunotherapeutical anti-cancer treatment seems to be more efficacious than 
chemotherapy alone, and the significant hematopoietic toxicity associated with most chemotherapeutical clinical trials can 
be reduced significantly by the addition of immunotherapy. 

Key words: Thymic reticulo-epithelial (RE) cells; Thymic hormones; Thymosin fraction 5 (TF5); Thymopentin (TP5); Prothymosin 

al (ProTal); Thymosin al (Tal); Thymosin a7; Thymosin (33; Thymosin (34 (Tp4); Thymosin plO gene; Thymosin 
plO; Thymosin pi 5; Thymic humoral factor-y2 (THF-y2). 



1. INTRODUCTION 

During the last three centuries, detailed 
morphological and histological observations of the 
mammalian and especially the 

human thymus have been conducted even before 
its main physiological function as the primary and 
central organ of the cellular immune system was 
revealed by Miller and others (1-47). The 
ontogenetical and phylogenetical development of the 
two arms of the immune system were well 
characterized: 

"A distinct dichotomy of the immune 
system into thymus-dependent and thymus- 
independent components has been demonstrated 
in amphibians, birds and mammals, suggesting 
that the B cell/T cell dichotomy of the 



vertebrate immune system dates back in 
phylogeny at least some 250 million years to the 
early tetrapods." (48) 

Metalnik of (49), working in the Pasteur Institute 
(Paris), reported several experimental observations 
indicating a close relationship between the central 
nervous system (CNS) and immune response. The 
thymus involutes relatively early in life, while the 
cellular immune deficiencies of aging correspond to 
the decline in function of the hypothalamic- 
pituitary-endocrine axis (50-57). Recent studies 
point to important roles for the pituitary, the pineal, 
and the autonomic nervous system, as well as the 
thyroid, gonads, and adrenals in thymus integrity 
and function. Thymic function at the local level 
requires extensive and complex interactions between 
thymic stromal cells and developing thymocytes 
involving paracrine and autocrine mediators, such as 
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interleukins (ILs) 1, 2, 6, 7, 8, colony-stimulating 
factors (CSFs), interferon-y (IFN-y), thymosin al, 
zinc-thymulin, and other thymic hormones (58-73). 
A significant endocrine function of the thymus gland 
is to package zinc in the form of zinc-thymulin for 
more effective delivery to the periphery. The 
reversal of thymic involution has been attempted 
employing a variety of factors, including ILs, thymic 
hormones, growth hormone, prolactin, melatonin, 
zinc, and others (74). Our work to reverse thymic 
involution in hydrocortisone-treated, aged mice with 
interleukins, thymosin al, and zinc has already been 
published (75). Recent efforts to successfully treat 
immune deficiency in aged and cancer-bearing 
humans will be presented in this article. 

Recent work has reviewed the detailed 
mechanism of sex hormone actions on the thymic 
cells, obtained at the cellular and molecular levels 
(76). The genomic actions of sex hormones via 
nuclear sex hormone receptor complexes are 
supported by the following observations: 

1 . sex hormone receptors and the thymic hormone 
(i.e. thymulin) are co-localized in thymic 
epithelial cells, but not in T lymphocytes; 

2. production/expression of thymic factors 
(thymulin, thymosin al, etc.) are inhibited by 
sex hormone treatment; 

3. sex hormones cause alterations in the 
immunomorphology of intrathymic T 
lymphocyte subpopulations; and 

4. sex hormones, via action through their 
intracellular receptor, strongly influence the 
development of thymic neoplasms in 
spontaneous thymoma BUF/Mna rats. 

The non-genomic action of sex hormones via a 
membrane signal transduction mechanism is based 
on the following: 

1. the proliferation/maturation of thymic reticulo- 
epithelial (RE) cells is mediated through protein 
kinase C activity induced by sex hormones; and 

2. sex hormones directly influence DNA synthesis 
and cdc2 kinase (cell cycle-promoting factor) 
activity. 

Around the late 1970s, the family of 
polypeptides present in thymosin fraction 5 was 
characterized biologically and chemically (77-79). A 
system of nomenclature was developed, and peptides 
are being systematically isolated and characterized. 
Thymosin fraction 5 and its component parts 
influence a vast number of properties of 
lymphocytes, including cyclic nucleotide levels, 
migration inhibitory factor production, T-dependent 
antibody production, and expression of various cell 
surface markers. The effects of thymosin are being 



evaluated in clinical trials on immunodeficiency, 
malignant, and autoimmune diseases, and a major 
function of the endocrine thymus in the maintenance 
of immune balance and in the treatment of diseases 
characterized by thymic malfunction has been 
established. Thymosin fraction 5 contains several 
distinct hormone-like factors, which are effective in 
partially or fully inducing and maintaining immune 
function (77, 79). Several of the peptide components 
of fraction 5 have been purified, sequenced, and 
studied in assay systems designed to measure T 
lymphocyte differentiation and function. These 
studies indicate that several of the purified peptides 
act on different subpopulations of T lymphocytes. 
Thymosin (33 and (34 change the terminal 
deoxynucleotidyl transferase (TdT) expression 
profile of negative precursor T cells by inducing 
TdT positivity. Thymosin al induces the formation 
of functional helper cells and conversion of Lyt 
cells to Lyt 1,2,3 cells. Thymosin al induces the 
formation of functional suppressor T lymphocytes 
and also converts Lyt cells to Lyt 1 , 2 + , 3 + cells. 
These studies have provided further evidence that 
the thymus secretes a family of distinct peptides, 
acting at various stages of the maturation and 
differentiation sequences of T lymphocytes, thereby 
inducing and maintaining immune function. 
Through various functional studies it has become 
clear that immunological maturation under the 
direction of the thymic microenvironment is a 
process involving a number of complex steps and 
multiple interactions that are stage specific. Given 
the complexity of the maturation sequence of T 
lymphocytes and the increasing numbers of 
immunomorpho logically unique T-cell 

subpopulations that are being identified, it would be 
surprising if a single thymic humoral factor could 
control all of the steps and populations involved. 
Rather, it is much more plausible that the control of 
the intrathymic maturation of T lymphocytes and the 
development of their functional capabilities involves 
numerous thymus-specific factors and other 
molecules that rigidly control the intermediary steps 
in lymphopoiesis. 



2. THYMIC HORMONES IN CANCER 
DIAGNOSIS 

Clonal deletion of thymocytes is a significant 
event in T-cell tolerance and may represent a 
mechanism of tumor escape (80). It has previously 
been shown that MHC class Il-restricted, Id-specific, 
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CD4 T lymphocytes in T-cell receptor (TCR)- 
transgenic mice confer resistance against the 
MOPC315 plasmacytoma. The ability of 
monoclonal immunoglobulin produced by a 
plasmocytoma to induce deletion of thymocytes 
specific for the variable parts of Ig, i.e. the idiotype 
(Id) has been evaluated. Large numbers of 
MOPC315 tumor cells were injected s.c. in the 
TCR-transgenic mice to overwhelm CD4 T 
lymphocyte-mediated protection. When the 
MOPC315 plasmacytomas reached a weight of 
approximately 0.5g (serum myeloma protein M3 15 
about 50pg/ml), immature, double positive 
CD4 CD8 and mature CD4 transgenic thymocytes 
became progressively deleted. Apoptotic thymocytes 
were already detectable when neoplasms were 2 mm 
in diameter (serum M3 15: 5 pg/ml or 0.03 pM). The 
negative selection observed by the authors was Id- 
specific, because an Id-negative plasmacytoma 
failed to induce deletion. Injection of purified 
MOPC3 15-myeloma protein (M3 15) i.p. caused a 
profound reduction of Id-specific thymocytes. 
Enriched thymic dendritic cells (DC) from tumor- 
bearing animals were found to be primed with 
lambda2 (M3 15) and induced the apoptosis of the 
thymocytes in vitro. These results indicate that 
circulating myeloma protein is processed and 
presented by intrathymic antigen-presenting cells 
(APCs), and induces deletion of Id-specific 
thymocytes during their intrathymic development. 
Deletion of tumor-specific thymocytes may 
represent a tumor escape mechanism in patients with 
malignant neoplasms that secrete or shed neoplastic 
or tumor associated antigens. The very real 
possibility that vaccination with tumor Ig or genes 
coding for it may induce tolerance, instead of 
protection, should be taken into consideration when 
devising novel therapeutical approaches to the 
treatment of malignant disease. 

The presence of prothymosin a (ProTa) in 
various neoplasms has been established. The 
proliferation index of human breast tumors can be 
used to identify patients at high risk for distant 
metastases (81, 82). In a recent observation, ProTa 
concentrations were measured by RIA, but an 
alternative nonisotopic assay that could be used in a 
standard clinical laboratory has been described. The 
main features of the ELISA method were: 

1. a recombinant fusion protein glutathione S- 
transferase (GST)-human ProTa was used to 
coat the microtiter plates; 

2. a polyclonal antiserum raised in rabbits against 
thymosin al, the NH2 -terminal fragment of 
ProTa was employed; 



3. this method is as sensitive as the RIA; and 

4. the method is faster than the RIA. ProTa 
concentrations in various human neoplasms 
(skin, esophagus, colorectal, and breast) as 
assessed by ELISA were comparable with, 
although two fold greater than, the values 
previously estimated by RIA. 

A cDNA clone representing ProTa, was 
identified employing a subtraction-enhanced display 
technique, from rat hepatocellular carcinoma (HCC). 
ProTa has been reported to be involved in cell 
proliferation and regulated by the c-myc gene in 
vitro. In an interesting study, the gene expression 
pattern of ProTa was examined and its correlation 
with c-myc during rat hepatic carcinogenesis and 
liver regeneration was assessed (83). Hepatic ProTa 
mRNA levels, concomitant with c-myc, increased 
during the initial stage of hepatic carcinogenesis (6 
weeks), and remained nearly 10 fold higher as the 
neoplasm progressed. In comparison, ProTa mRNA 
levels increased only slightly at the early (3-6 hr) 
and later stage (24-30 hr) of liver regeneration, 
following 70% partial hepatectomy. In situ 
hybridization revealed that overexpressed ProTa 
mRNA was restricted to neoplastic nodules within 
hepatic tissue and to tumor cells invading blood 
vessels. 

Identification of gene products exclusively or 
abundantly expressed in neoplasms may yield novel 
tumor markers. A number of cDNA clones, 
including ProTa, were recently isolated from rat 
HCC (84, 85). ProTa is involved in cell proliferation 
and, as stated above, is regulated by the oncogene c- 
myc in vitro. ProTa gene expression and its 
correlation with c-myc were examined by the 
authors in various groups of patients: HCC, 
cirrhosis, and adenoma patients, as well as normal 
control patients. Hepatic ProTa mRNA levels were 
two- to 9.2-fold higher in neoplastically transformed 
tissues than in adjacent normal structures in 14 of 17 
patients with HCC, regardless of coexisting cirrhosis 
and viral hepatitis. No marked difference in ProTa 
mRNA levels was detected in patients with adenoma 
and hepatic cirrhosis and in healthy controls. The c- 
myc mRNA amounts were two- to five- fold 
increased in 11 of 17 patients with HCC and 
correlated to a statistically significant degree with 
those of ProTa. Increased ProTa mRNA was once 
again localized in the neoplastic nodules of the 
patients with HCC. 

The thymosin (310 gene is located on 
chromosome 2q37, as detected by fluorescence in 
situ hybridization analysis. A subtractive thyroid 
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cDNA library was constructed from two human 
thyroid carcinoma cell lines originating from an 
anaplastic carcinoma and a papillary thyroid 
carcinoma. The library was employed to identify 
genes correlated with the progression to a highly 
malignant phenotype (86). The thymosin (310 gene 
was isolated and found to be expressed at much 
higher levels in the anaplastic cell line, than in the 
papillary cells. The thymosin (310 gene was 
overexpressed in five carcinoma cell lines compared 
with normal thyroid tissue and normal thyroid 
primary culture cells. The highest expression 
occurred in the most malignant cell lines. Thymosin 
(310 gene expression was also higher in surgically 
removed human thyroid carcinomas and was highest 
in the anaplastic carcinomas. Thymosin (310 gene 
expression correlated with the degree of the 
malignancy in rat thyroid cells transfected with 
cellular and viral oncogenes of different 
tumorigenicity. These results demonstrate that 
thymosin (310 overexpression is a general event of 
thyroid cell neoplastic transformation and suggest 
that the gene is involved in the progression of 
thyroid carcinogenesis. Paraffin sections from 30 
human breast tissue specimens were stained with a 
specific antibody raised against thymosin (310, 
[monoclonal antibody 10 (38-43)] (87). The results 
revealed that thymosin (310 was detected mainly in 
the malignant tissue, particularly in the 
neoplastically transformed cells, whereas the normal 
cell population around the lesions showed very weak 
immunoreactivity. Furthermore, the intensity of 
staining in the neoplastic cells increased according 
to increasing grade of the lesion. 

Thymosin (315 represents a novel 5.3 kD protein 
that binds actin monomers and inhibits actin 
polymerization, and may thus act to increase cellular 
motility. Thymosin (315 is upregulated at both the 
mRNA and protein levels in prostate carcinoma cell 
lines in a manner directly related to their capacity to 
metastasize. Due to the observations that this 
glycoprotein is upregulated in cells with a propensity 
to metastasize, its value as a prognostic marker in 
breast cancer was evaluated by Gold and co-workers 
(88). The use of an affinity-purified polyclonal 
antibody identified that within breast epithelium, 
thymosin (315 is localized diffusely throughout the 
cytoplasm and that thymosin (315 is upregulated in 
malignant (compared with benign) breast tissue. In 
contrast to the prostate model, thymosin (315 is 
upregulated in non-metastatic breast cancer and even 
ductal carcinoma in situ (compared with benign 
breast tissue), and, consequently, it might represent a 



potential marker to be used in the early diagnosis of 
mammary malignancy. Bao and co-workers (89) 
previously isolated thymosin (315 from highly 
metastatic Dunning rat prostatic carcinoma cells. 
Immunohistochemical study of human prostate 
cancer specimens revealed a general correlation 
between Gleason grade and thymosin (315 
expression, with high-grade (more malignant, more 
dedifferentiated IP) neoplasms showing increase in 
intensity and cell number immunostaining compared 
to low-grade tumors. To determine whether 
thymosin (315 may be differentially expressed in 
cancer cells with different metastatic potential other 
than in the prostatic carcinoma cells, thymosin (315 
mRNA levels were examined by this study in tumor 
cell lines from different species. The levels of 
thymosin (315 in human breast cancer (BC) cases 
were also examined. Thymosin (315 was usually 
upregulated in the highly metastatic mouse lung and 
human BC cell lines, as compared with non- 
metastatic lesions. Immunohistochemical staining 
presented clear evidence of upregulation of 
thymosin (315 in malignant human BCs, as 
compared to benign breast tumors. The expression 
of thymosin (315 correlated well with the metastatic 
potential of mouse lung carcinoma and human breast 
carcinoma, in addition to prostate carcinomas. Thus, 
thymosin (315 may represent a useful marker in the 
prediction of the level and progressive tendency of 
the metastatic potential of certain human cancers 
(90). 



3. THYMIC HORMONES IN ANTI- 
CANCER THERAPY 

In the last two decades, so-called non-specific 
immunostimulants, such as plant extracts and natural 
and synthetic thymic preparations have been widely 
employed for enhancing the reactivity and efficiency 
of the human defense system in chronic infections, 
immunodeficiency, autoimmunity, and numerous 
neoplastic diseases (91-97). 

Thymosin fraction 5 contains a family of 
polypeptides with varying biological activities. 
Multi-laboratory efforts in the thymosin research 
carried out further chemical characterization of 
thymosin peptides and evaluation of their 
effectiveness in numerous clinical 
immunotherapeutic protocols. Twenty years of 
clinical studies with thymosin fraction 5 have shown 
therapeutic potentials for treatment of patients with 
primary immunodeficiency diseases and neoplasms 
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(98-110). 

In mice bearing immunogenic tumors, adding 
thymic humoral factor-y 2 (THF-y2) immunotherapy 
as an adjunct to anticancer chemotherapeutic 
regimens not only strengthens the antitumor activity 
of each drug, but also repairs tumor/chemotherapy- 
induced damage to T lymphocyte subpopulations 
and functions (111). The Lewis lung carcinoma 
(3LL) is a weakly immunogenic, highly metastatic, 
aggressive neoplasm in C57BL/6 mice. To 
investigate whether the immunoregulatory 
octapeptide is also effective against a tumor that 
does not elicit an antitumor immune response, the 
effect of combination THF-y2 immunotherapy and 
chemotherapy in 3LL-bearing mice was assessed. 
The results indicate that THF-y2, combined with 
either Melphalan or 5-Fluorouracil was more 
effective in reducing the metastatic load than either 
chemotherapeutic drug alone, and was characterized 
by massive infiltration of cytotoxic lymphatic cells. 
This combined chemoimmunotherapy also 
prolonged survival time in all treated animals and 
repaired T lymphocyte defects and impaired in vitro 
cellular immune response parameters, induced either 
by the tumor or by chemotherapy. TFIF-y2 
immunotherapy reversed the decrease in the number 
of bone-marrow myeloid colonies (GM-CFU) 
caused by chemotherapy treatment of tumor-bearing 
mice, supporting the hypothesis that THF-y2 directly 
stimulates the proliferation of myeloid stem cells. 
The overall results of this observation imply, that 
when administered as an adjunct to chemotherapy, 
THF-y2 immunotherapy is equally effective against 
immunogenic, as well as nonimmunogenic 
neoplasms. 

Dacarbazine (DTIC) and IL-2, as single agents, 
have limited anti-neoplastic activity in patients with 
metastatic malignant melanoma (MMM). It has been 
proposed that thymosin al (TA1) may modulate the 
action of IL-2. The clinical and immunological 
effects of these three agents employed in 
combination were observed by Lopez and co- 
workers (112). Forty-six patients with measurable 
MMM were treated with DTIC 850 mg i.v. on day 1, 
TA1 2 mg s.c. on days 4 to 7, and IL-2 18 MU/m2/d 
by continuous intravenous infusion on days 8 to 12, 
with the cycles repeated every 3 weeks. Objective 
responses were obtained in 15 of 42 evaluable 
patients. Two patients experienced complete 
responses, and stabilization of the neoplastic disease 
was observed in five. The median time to 
progression was 5.5 months and median survival 
was 1 1 months. Side effects were predominantly 
caused by IL-2. Treatment was tolerated reasonably 



well, and there was no overlapping toxicity or 
interference between chemotherapy and biotherapy. 
Baseline sCD4 levels have been shown to correlate 
well with tumor burden. Patients benefiting from 
treatment had lower sCD4 and higher sCD8, than 
did progressing patients. The combination of DTIC 
+ TA1 + IL-2 is active in the treatment of advanced 
MMM, with acceptable toxicity. The interactions 
between thymic hormones and cytokines should be 
explored further, and other combinatorial 
approaches developed. 

Cytokines, such as IL-1 and IL-6 stimulate the 
hypothalamic-pituitary-adrenal (HPA) axis. In 
addition, these proteins affect pituitary cell 
proliferation in vitro. Thymosin fraction 5 (TF5) 
similarly stimulates the HPA axis and the effects of 
this preparation on neuroendocrine tumor cell 
proliferation were examined in an interesting study 
(113). Cells of the PRL-secreting rat anterior 
pituitary adenoma, MMQ, were exposed to vehicle 
or TF5 for up to 96 hours and the proliferation of 
MMQ cells was monitored using the MTT assay (3- 
(4,5 -dimethylthiazol-2-yl)-2 ,5 -diphenyl tetrazolium 
bromide). TF5 -mediated inhibition of cell 
proliferation was dependent on both TF5 
concentration and the initial MMQ cell number. 
Minimal reductions in optical densities resulted from 
exposure to 100 pg/ml TF5, whereas the highest 
concentration of this preparation (500 |ig/ml) 
completely blocked MMQ cell division. The 
concentration-dependent effects of TF5 were 
particularly striking at initial plating densities of 25 
and 50 x 10 3 MMQ cells/well; in contrast, all 
concentrations of TF5 completely inhibited MMQ 
cell growth at 5 and 10 x 10 cells/well. The 
antiproliferative actions of TF5 on MMQ cells were 
demonstrable within 24 hours and were present for 
up to 96 hours, as determined by the MTT assay and 
actual cell counts. Due to the fact that the highest 
densities of MMQ cells were partially refractive to 
the antiproliferative effects of TF5, the effects of 
PRL (1-1000 nM) and MMQ cell conditioned 
medium (50%) on TF5 inhibition of MMQ adenoma 
proliferation was examined.. The TF5 concentration- 
dependent inhibition of MMQ cell growth was 
largely reversed by the 50% conditioned medium, 
whereas PRL slightly potentiated the 
antiproliferative actions of TF5. The proliferation of 
the rat C6 glioma cell line demonstrated greater 
sensitivity to TF5: concentrations as low as 10 pg/ml 
TF5 inhibited C6 cell proliferation, and near- 
maximal inhibition was observed at 200 pg/ml TF5. 
Significant reductions in MMQ and C6 cell 
viabilities accompanied decreases in cell number 
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and morphological analysis indicated that these cells 
were undergoing apoptosis. The peptides thymosin 
al, thymosin (34, MB35, and MB40 had no effect on 
either MMQ or C6 cell proliferation, indicating that 
these TF5 components are not the principle active 
peptides. Therefore, TF5 was further separated into 
60 fractions by preparative reverse phase HPLC. 
HPLC fractions 17, 25, 26, and 27 significantly 
suppressed MMQ cell proliferation to the same 
extent as TF5, while other HPLC fractions had no 
effect. The data presented by Spangelo and co- 
workers demonstrate a new biological property of 
TF5, namely, the inhibition of cell proliferation and 
the induction of apoptosis in neuroendocrine tumor 
cells. The proliferation effects were time and 
concentration dependent and could be partially 
reversed by an activity present in the MMQ cell 
conditioned medium. Thus, TF5 and cytokines have 
opposite effects on adenoma cells, since IL-2 and 
IL-6 stimulate GH3 cell proliferation. Thus, 
circulating thymic peptides may act to prevent 
pituitary adenoma and glioma tumor formation, an 
action opposed by the growth factors secreted by 
these tumors and acting to promote tumor formation 
and progression in both an autocrine and paracrine 
manner. 

A phase II study was performed to evaluate the 
clinical and immunological effects of a regimen of 
fluorouracil (5-FU) and folinic acid (FA) combined 
with thymopentin (TP-5) and interleukin-2 (IL-2) in 
the treatment of patients with metastatic colorectal 
cancer (CC) (114). Forty-five patients with CC and 
no prior therapy for metastatic disease were treated 
with 5-FU 400 mg/m2/d and FA 200 mg/m2/d i.v. 
on days 1-5, TP-5 50 mg s.c. on days 8-11, and IL-2 
9 MU/m2 s.c. twice daily on days 12-16. Cycles 
were repeated at 4-week intervals, provided that 
toxicity was resolved. Immunological alterations as 
related to treatment were evaluated in 13 patients 
and compared with a well matched set of 13 
patients, treated with the same regimen except for 
TP-5. Two complete responses and 17 partial 
responses were determined (42%). Fifteen patients 
(33%) were characterized by stabilization of their 
malignant disease. The median time to progression 
was 8.5 months and the median survival 13 months. 
Treatment was reasonably well tolerated, and there 
was no overlapping toxicity or interference between 
chemotherapy and biotherapy. Hematological and 
immunological changes during treatment were 
qualitatively similar to those expected with IL-2 ± 
chemotherapy. Quantitatively, significant changes 
(higher levels of IL-2, CD25 and IFN-y, and lower 
levels of sIL-2R) were observed in patients given 



TP-5. The results revealed that the combination of 5- 
FU + FA and TP-5 + IL-2 is effective in advanced 
CC with acceptable toxicity. Immunological data 
suggest that TP-5 may modulate the action of IL-2 in 
the clinical setting. 

Immunoregulatory effects of thymic peptides on 
functions of polymorphonuclear leukocytes (PMNs) 
have not been thoroughly investigated. The effects 
of ProTal on PMNs from patients with colorectal 
tumors, breast tumors and melanoma, in comparison 
with healthy donors, with respect to chemotaxis, 
cytotoxicity against HCT-116 colon tumor cells, 
oxidative response (chemiluminescence reaction) as 
well as expression of surface marker molecules were 
examined by Heidecke and co-authors (115). The 
researchers found that ProTal was equally effective 
in stimulating the chemotactic activity of PMNs 
from tumor patients and healthy donors (43% 
increase). PMNs from tumor patients, especially 
those derived from patients with breast tumor, were 
characterized by a significant enhancement of 
cytotoxicity against tumor target cells, as compared 
with healthy donors. With respect to the cytotoxity 
of PMNs, only about 50% of the colorectal tumor 
patients and healthy donors responded to ProTal 
and FMLP. As to the oxidative response of PMNs, 
elevated levels were found only among colorectal 
cancer patients. ProTal significantly increased the 
oxidative response in patients with breast and 
colorectal neoplasia. ProTal caused the expression 
of CD 16 on PMNs of healthy donors to decrease, 
but had no effect on the expression of CDlla, 
CD1 lb, CD1 lc, CD13, CD14, CD15 and CD32. 

Thymopentin (TP5) has been recently evaluated 
as an immunotherapeutic agent for the treatment of 
human neoplasms. Melanoma is a highly 
immunogenic malignancy, and in previous studies 
the treatment of metastatic melanoma with TP5 
showed encouraging results. In a further study, the 
clinical efficacy and tolerability of high dose 
intravenous TP5 were evaluated in 16 patients with 
melanoma which had metastasized to cutaneous and 
subcutaneous tissue (116). All patients were given 
lg intravenous TP5 every second day for 7 weeks 
and then assessed, with responders given a 
subsequent course of 2g intravenous TP5 every 
second day for 5 additional weeks. Six patients 
showed a partial response after the first course and 
were given the second course: one patient achieved a 
complete response, while the other five remained in 
partial response at the end of the treatment. The 
mean duration of response was 7.5 months. No side 
effects of TP5 administration were observed. 
Histopathological and immunohistochemical 
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evaluation of regressing metastatic nodules showed 
the presence of tumor infdtrating lymphocytes 
(TIL), necrosis, sclerosis, intratumoral vascular 
proliferation and microthrombosis. 

Immunophenotyping of lymphoid infiltrates 
demonstrated the prevalence of CD4 and CD45RO 
T lymphocytes in one patient. It can be concluded 
that high dose intravenous TP5 three times a week 
may induce a clinical response in patients with 
cutaneous and subcutaneous metastases of 
melanoma without any significant side effects. 

Carboplatin (CBDCA), cyclophosphamide 
(CTX) and etoposide (VP- 16) combination 
chemotherapy has been shown to be quite effective 
in the treatment of several human malignancies. A 
phase I-II study designed to verify toxicity, 
maximum tolerated dose and activity of CBDCA, 
CTX and VP- 16 given with granulocyte colony 
stimulating factor (G-CSF) and thymopentin (TP5), 
without bone marrow support was carried out by 
Recchia and co-workers (117). A group of 12 
heavily pretreated patients (9 breast carcinoma, 2 
small cell lung carcinoma, and 1 gastric carcinoma), 
received fourteen courses of the combination 
chemotherapy. Previous treatments were as follows: 
surgery in 10 patients, radiotherapy in 7 patients, 
chemotherapy in all patients. CBDCA, CTX, VP- 16 
were given over 3 days, in concentrations of 400- 
800 mg/m2, 1500-2500 mg/m , and 450-550 mg/m , 
respectively, while the G-CSF dose given was 5 
mg/kg/day from day 4 to day 17. TP5 was given, on 
alternate days, in a dose of 1 mg/kg from day 4 to 
day 30. Six patients suffered from fevers >38°C for 
a median duration of 4 days. Four patients required 
platelet support, and three patients needed red blood 
cell support. Ten of the twelve patients had 
responses, while the other two experienced disease 
stabilization. Five of the 12 patients were still alive 
at the time of the report by Recchia and co-workers, 
and the reported median overall survival time was 
13 months. 

Twenty two patients with advanced non-small- 
cell lung cancer were randomized to receive 
chemotherapy (ifosfamide) or chemotherapy 
followed by thymosin al, employed together with 
low-dose IFNa in a study by Salvati and co-workers 
(118). Chemo-immunotherapy induced an enhanced 
response rate compared with chemotherapy alone, 
and there was a statistically significant difference 
between the two groups in time to malignant disease 
progression. CD4 and CD8 lymphocyte, as well as 
natural killer (NK) cell counts were significantly 



depressed after two cycles of chemotherapy, while 
no difference in cell count were seen in chemo- 
immunotherapy treated patients. Flematologic 

toxicity was reduced by the immunotherapy, with no 
grade 3/4 toxicity seen, while such levels of toxicity 
were reported in 50% of patients treated with 
chemotherapy alone. This last report, as well as 
many of the previous data concerning clinical trials, 
only serves to bring to the forefront the great 
necessity of novel modalities of cancer therapy, as 
well as the improved efficacy of combined therapy, 
over traditional multifactorial therapy. It is our 
opinion that novel, radio- and chemo- 

immunotherapeutical approaches need to be 
developed, based on some of the examples presented 
in this article, and employed in the individualized 
"cocktail" therapy of human malignancies, based on 
individual immunophenotypical and genotypical 
indicators for the particular case of cancer. 



4. CONCLUSIONS 

1. It is well known today that the mammalian 

thymus is an endocrine gland, participating in 
local cell-to-cell regulatory interactions and it 
plays significant role as part of the endocrine 
orchestra of the body. The different thymic 
hormones are produced by the cells of the 
thymic reticulo-epithelial cellular 

microenvironment; 

2. During physiological aging, the production of 
thymic hormones decreases significantly, which 
is related to concomitant decrease in the power 
of cellular and humoral immune defense; 

3. During the past two decades, numerous thymic 
hormonal preparations were used in non- 
specific immmunological enhancement of the 
host anti-neoplastic response; and 

4. Recently it has been established that in 
numerous neoplastic processes, the serum level 
of the various chemical derivatives of thymic 
hormones is significantly elevated because the 
neoplastic cells are genetically capable of 
producing several thymic hormone-like, 
chemically modified molecules. These 
molecules may be used as part of the early 
diagnostic laboratory-screening panel for the 
detection of mammalian neoplasms. 
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Chapter 9 

Spontaneous Regression of Neoplasms: New Possibilities for 
Immunotherapy 



Abstract: In mammalian cells, neoplastic transformation is directly associated with the expression of oncogenes, loss or simple 

inactivation of the function of tumor suppressor genes, and the production of certain growth factors. Genes for 
suppression of the development of the neoplastic cellular IP, as well as inhibitory growth factors have regulatory functions 
within the normal processes of cell division and differentiation. Telomerase (a ribonucleoprotein polymerase) activation is 
frequently detected in various neoplasms. Telomerase activation is regarded as essential for cell immortalization and its 
inhibition may result in spontaneous regression (SR) of neoplasms. 

SR of neoplasms occurs when the malignant tissue mass partially or completely disappears without any treatment or as a 
result of a therapy considered inadequate to influence systemic neoplastic growth. This definition makes it clear that the 
term SR applies to neoplasms in which the overall malignant disease is not necessarily cured and to cases where the 
regression may not be complete or permanent. 

A number of possible mechanisms of SR are reviewed, with the understanding that no single mechanism can completely 
account for this phenomenon. The application of the newest immunological, molecular biological and genetic insights for 
more individualized and adequate antineoplastic immunotherapy (alternative biotherapy) is also discussed. 

Key words: Oncogenes and growth factors; Carcinogenesis; Neoplastic cell transformation; Tumor suppressor gene (TSG); Cellular 

immunophenotype (IP); dedifferentiation; Neoplastic progression, angiogenesis, and metastasis; Spontaneous regression 
(SR); Immunological mechanism of SR; Hormonal SR; Neoplastic cell redifferentiation; Monoclonal antibody (MoAB); 
Interleukin-2 (IL-2); Antineoplastic immunotherapy. 



1. INTRODUCTION 



1.1 Cellular carcinogenesis 

A diverse array of mechanisms can lead to the 
characteristic alterations implicated in neoplastic 
cellular transformation. Presently, it appears that 
human neoplasms arise as a direct consequence of 
an accumulation of genetic alterations, involving 
two main classes of genes: proto-oncogenes and 
tumor suppressor genes (TSGs) (1-3). Oncogenes 
result from an activating mutation resulting in an 
enhancement of intracellular protein quantity. TSGs, 
on the other hand, are commonly inactivated via 
either mutation or deletion or the physiological 
function of the gene product is inhibited by binding 
of inactivating molecules. Observations of the 
expression of deleted in colorectal cancer (DCC) 
gene product, for instance, have demonstrated a 



significant correlation between DCC protein 
presence and cellular differentiation and 
carcinogenesis (4). Mutations resulting in an 
oncogene have been established as dominant 
genomic alterations, whereas tumor suppressor gene 
mutations are recessive, thus requiring loss of 
function at both alleles for tumor development. In all 
cases of neoplastic cell transformation, there are 
three important pre-malignant changes: 

1 . overexpression of a gene and its product; 

2. alteration of a gene product; and 

3. inactivation of an encoded protein (5-9). 
Neoplastic cells with a highly malignant 
immunophenotype (IP) are not stable; their 
genetic alterations can be rapid and dramatic, 
resulting in cell dedifferentiation and regional 
tumor heterogeneity (10-13). 
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2. THE PROGRESSION OF 

NEOPLASTICALLY TRANSFORMED 
CELLS 

Neoplastically transformed cells progress 
towards an increasingly dedifferentiated (resembling 
an embryonic), more and more malignant IP and 
eventually reach a metastatic IP in a stepwise series 
of genetic and epigenetic changes (14-16). It seems 
that neoplastic cells are constantly undergoing rapid 
cell biological changes, a phenomenon termed 
"dynamic heterogeneity" (17). Malignant cells 
continually change their IP from non-metastatic to 
metastatic and back again and the progression of a 
neoplasm towards a more malignant IP always 
remains reversible. In addition, the metastatic 
propensity of a given malignancy can also be 
modulated. 

Initially, a great number of the neoplastic cells 
tend to penetrate adjacent tissues, so that they may 
later metastasize to particular preferred tissues, and 



that they may eventually conquer as many organs as 
possible. Changes in metastatic properties also 
include increased adhesion of such cells to capillary 
endothelium, increased invasiveness through 
extracellular matrix and basement membranes, and 
increased cell motility in response to autocrine and 
paracrine chemotactic factors. During neoplastic 
recurrence (reactivation of neoplastic cell 
proliferation and tumor progression), the particular 
genetical, biochemical and immunocytochemical 
markers listed above once again become detectable. 

The pathophysiological process of neoplastic 
tissue destruction or the complex mechanism of 
neoplastic tissue elimination have not been observed 
in mammalian oncology with the same thoroughness 
as the IP markers, and cell biological changes during 
the progression of a neoplastically transformed cell. 
In Table I, I listed some immunomorphological and 
cell biological characteristics of neoplastic cells. 



Table 1. Markers of Neoplastic Cell Screening [modified after Parsons (18)] 



Histological grading 
Nuclear cell grade 
Invasion of adjacent tissues 
Grade of neo-angiogenesis 
Cell Proliferation 

cdc2 cyclin A 

S-phase antibodies against cell cycle cyclins (p34 /p58 ' ; etc.), proliferating cell nuclear antigen 

(PCNA), Ki-67 
Mitotic index 
Biochemical Markers 

Proteases: cathepsins B and D, plasminogen activator, activated protein kinases 
Matrix degrading metalloproteinases (MMPs); Collagenase IV; etc. 

Glutathione S-transferases (GSTs) 

Tyrosine-kinases (hormone receptors; epidermal growth factor receptor [EGFR] and other growth factor 
receptors; transforming growth factor receptor family [endoglin, morphogenetic protein 6]; etc.) 
Immunocytochemical Markers 

Oncogenes (c-myc; c-ras; c-kit; c-fos; c-jun; c-MET or hepatocyte growth factor receptor; int-2 
oncoprotein or protein of recurrent malignancy; bcl-2 oncoprotein or inhibitor of apoptosis; etc.) 
Oncofetal antigens (carcinoembryonic antigen family [CEA], etc.) 

Tumor specific genes (Wilms' tumor gene; deleted in colorectal cancer gene [DCC]) 

Cell surface antigens : (multidrug resistance P-glycoprotein; tumor-associated antigens [TAAs]; 
cancer/testis antigens etc.) 

Changes in the quantity of cell adhesion molecules (CAM; talin, tenascin, etc.) 

Tumor suppressor genes (p53 family and related proteins, DCC, etc.) 

Anti-metastasis gene (nm-23) 

Tissue "specific" antigens (prostate specific antigen [PSA]; prostatic inhibin peptide [PIP]; epithelial 
membrane antigen [EMA]; epithelial specific antigen [ESA]; melan A, a melanocyte differentiation 
marker expressed on melanoma cells; renal cell carcinoma marker [RCC]; ovarian cancer antigen 
[CA125]; plasma cell marker, rhabdomyosarcoma markers [Myf-3, Myf-4, MyoDl]) 

Heat-shock/stress proteins (HSPs 27 and 70) 
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3. HISTORICAL OVERVIEW OF 

SPONTANEOUS REGRESSION (SR) OF 
NEOPLASMS 

Papac (19) recently published a very well written 
review article concerning the SR of neoplasms and, 
therefore it is not necessary for us to repeat all of her 
interpretations here. Boyd (20) in his monograph 
suggested that neoplasms associated with SR should 
be termed "Saint Peregrine tumors". This term is 
derived from a legend from the 13th century. Saint 
Peregrine was a young priest who developed a large 
osteosarcoma. On the night preceding the 
amputation of his leg, he prayed for quite some time, 
and, it is alleged, he awoke without any trace of the 
bone tumor. It is noted that he died in 1345, at the 
age of 80, without any recurrence of the bone tumor. 
In more recent reports, Meares (21, 22) reported SR 
of osteogenic sarcoma metastases and other 
neoplasms following intense meditation. 

The first case of SR of malignant melanoma 
(MM) was published in 1899 (23). According to 
Papac (19), only 70 of a total of 302 tumor cases 
collected by Rohdenberg (24) demonstrated 
acceptable temporary or permanent SR. It is 
important to realize that incomplete surgical removal 
or some acute infection with high fever preceded the 
majority of cases of SR. The first case of SR of 
neuroblastoma by recognized cell differentiation into 
benign ganglioneuroma (termed 

sympathicoblastoma by the authors) was observed 
and described by Cushing and Wollbach (25). The 
next year, the medical literature was enriched with a 
report concerning SR of lung metastases of 
hypernephroma following surgical removal of the 
neoplastically transformed kidney tissue (26). 

In the Everson and Cole (27) review of SR cases 
from 1900 to 1964, only 176 met some important 
diagnostic criteria: 

1. observed and properly documented histological 
regression of biopsy proven metastases; 

2. radiological documentation of presumptive 
malignant neoplastic disease; and 

3. advanced neoplastic disease (i.e. with 
metastases) regression following a therapeutical 
approach generally deemed ineffective. 
Surprisingly, neoplastic cases of squamous cell 

carcinoma, lymphoma and leukemia were excluded 
due to their different natural history. The authors 
demonstrated that the majority of SR cases occurred 
in renal cell carcinoma, neuroblastoma, melanoma, 
and choriocarcinoma. Boyd (20) described SR in 61 
tumor cases, excluding lymphomas and leukemias. 
In this work, most attention was focused on two 



common neoplasm types: retinoblastoma and breast 
cancer. No cases of renal cell cancer or 
choriocarcinoma were discussed. 

In 1990, Challis and Stam (28) reviewed cases of 
SR between 1966 and 1987 to update the 
monographs of Everson and Cole, and Boyd. 
Practically the entire history of SR of neoplasms was 
once again described and the authors made an 
attempt to specify the possible cause of SR. The 
possible mechanisms mentioned by the authors 
included immunological and endocrine alterations, 
concurrent infection, surgical trauma, and 
intratumoral cell necrosis. Interestingly, an 
extremely controversial mechanism based on 
psychological factors was also taken into 
consideration. 

O'Regan and Hirschberg (29) published a 
bibliography of more than 3,500 SR cases, which 
encompassed both benign, as well as malignant 
neoplasms. In this compilation neoplastic remission 
was clearly distinguished from the more effective 
process of neoplastic regression. Attention was 
assigned to the SR cases that were reported with 
complete biopsy or histological confirmation of the 
neoplasms and adequate disease follow-up to verify 
the SR. According to this review, the five most 
common types of neoplasm undergoing SR were 
renal cell carcinoma, lymphomas and leukemias, 
neuroblastoma, breast carcinoma, and melanoma. 
The authors proposed the immune mechanism of 
SR. 



4. SPONTANEOUS REGRESSION (SR) IN 
VARIOUS HUMAN NEOPLASMS 

The true existence of SR of neoplasms is often 
questioned and some simply do not accept this 
pathophysiological phenomenon. On the other hand, 
there are physicians who think that SR is the most 
fascinating event in all of medicine. Osier (30) 
characterized SR as "one of the most remarkable 
phenomena observed in medicine". The significance 
of the acceptance of SR as a realistic possibility 
demonstrates a physician's position concerning the 
endogenous control of neoplastic cell transformation 
and progression. The original definition of SR is 
clear: when the malignant tumor mass partially or 
completely disappears without any treatment or as a 
result of therapy considered inadequate to influence 
systemic neoplastic disease (24, 27, 28, 31, 32). This 
definition makes it clear that the term SR applies to 
cases of neoplasms in which the malignant disease is 
not necessarily cured, and also in those where 
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regression may be neither complete nor permanent 
(32). It is important to notice that most neoplasms 
patients relapse after SR. A difficulty in determining 
whether SR has occurred is the diversity of opinions 
on what is considered adequate anticancer treatment. 
In addition, Everson and Cole (27) excluded 
leukemias, lymphomas, as well as Hodgkin's disease 
from their review because of the natural changes in 
growth rates, which these entities undergo. In any 
case, SR of neoplasms is viewed by many clinical 
oncologists and researchers as a relatively rare 
event, only 10 to 20 cases are reported each year 
(28, 33). During the present century, a great majority 
of authors who reported SR of mammalian 
neoplasms failed to speculate or specify possible 
causes for the regression. Those who did, postulated 
that factors such as the host's immunological and 
endocrine response, additional infections (bacterial 
or viral), apoptotic and necrotic intratumoral 
changes, surgical or other trauma, etc. may have 
caused the SR. In cases of SR, patients remain free 
of symptoms and the entire laboratory, histological 
and immunocytochemical parameters revert to a 
nonnal range primarily as a result of regression in 
the actual tumor mass. Far-reaching species-specific 
aspects of SR also present the opportunity for 
intensive comparison of neoplastic tissue 
progression and regression in various taxonomic 
units (34-38). 

Since 1999, numerous publications have 
interpreted cases of SR of breast cancer (BC) (39), 
of carcinoma of the stomach (40), a germinoma in 
the pineal body after placement of a 
ventriculoperitoneal shunt (41), SR of hepatocellular 
carcinomas (HC) (42) and of hepatocellular 
carcinoma (HC) after portal vein tumor thrombi 
occurred (43), of pilocytic astrocytoma in a patient 
without neurofibromatosis type 1 (44), regression of 
a gastric T cell lymphoma (45) and gastric 
lymphoma of mucosa-associated lymphatic tissue 
after eradication of Helicobacter pylori in a kidney 
graft recipient (46). SR was also observed in 
congenital leukemia (CL), which is a rare disorder 
with extramedullary infiltrates and a myeloid 
phenotype. CL can progress rapidly without 
adequate treatment, but, can inconsistently remit 
spontaneously. Because of the significant toxicity of 
chemotherapy to newborns, it is important to 
identify those newborns that may not require 
treatment. The authors reported an infant who was 
diagnosed with congenital myeloid leukemia at one 
week of age. Cytogenetic analysis revealed a t(8; 
16)(ql 1; pi 3) translocation and the infant's leukemia 
underwent SR (47). Recently, SR of a cerebral 



oligodendroglioma following infarction in the 
territory of its feeding artery was also reported (48). 
Parker and co-workers (49) reported a case of 
advanced stage IV clear cell carcinoma of the 
endometrium in a 73 year old, which underwent SR 
on the possible contribution of the patient's 
thrombocytosis. In the last year, SR was also 
reported in extremely malignant melanoma (50), 
with the author detailing a deeper understanding into 
the immunology of mammalian neoplasms. 



5. POSSIBLE MECHANISMS OF SR 



5.1 The immunological mechanism 

Since the early years of our century, the cytolytic 
effect of fresh human (particularly pregnant 
women's) serum on certain neoplastic cells was well 
known (51-53). The cytolytic activity of serum 
derived from pregnant animals was first observed on 
murine cancer cells and was demonstrated to be the 
result of natural IgM antibody that activates and 
amplifies the lytic action of the complement system 
after binding to the surface of neoplastic cells (54, 
55). Both classical and alternative pathways of 
complement were involved in this cytolytic process. 
Serum activity was in direct correlation with levels 
of IgM antibody and complement. It seems that 
gangliosidic oncofetal antigen (G ) may be 
involved in this cell surface complement interaction 
(56, 57). Later the same immunological pathway 
was detected in the cytolytic form of SR of 
neuroblastoma, and additionally the G D2 ganglioside 
was detected in over 98% of neuroblastoma cases 
(58-62). Melanoma associated antigens, such as G m , 
G D3 , and glycoproteins 75 and 1 10 were shown to be 
expressed at higher levels in regressing lesions, as 
detected by immunocytochemistry (63). 

The increased incidence of fonnation of 
neoplastically transformed cell groups in 
immunosuppressed individuals (e.g. following organ 
transplantation) and SR following reduction of 
immunosuppressive therapy suggests that the host's 
immune system plays a critical role in both the 
initial process of neoplastic transformation and the 
subsequent progression of the tumor (64, 65). 
Immunological factors must thus also be considered 
crucial in certain aspects of SR of mammalian 
neoplasms. It has been observed that renal cell 
carcinoma and melanomas undergo SR after the 
patients received plasma infusion from tumor- 
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bearing patients whose neoplasms were in the 
process of regression, suggesting that humoral 
factors may play a role (32, 66, 67). 

Mammalian tumor infiltrating leukocytes (TILs), 

including the specialized T lymphocyte clone of 

+ 

highly active, CD8 , MHC class I restricted, 
cytotoxic T lymphocytes (CTLs), are drawn to the 
sites of tumor cell targets spontaneously and possess 
powerful cytolytic abilities and great target 
specificity (68-70) due to the fact that they are 
tumor-associated antigen (TAA) or tumor-specific 
antigen (TSA) directed. The transfer of such "killer" 
autologous T lymphocytes with specific antitumor 
activity to the tumor-bearing host was termed 
"adoptive cellular immunotherapy" (70-73). CTLs 
have been shown to be 50-150 times as potent as 
lymphokine activated killer (LAK) cells in 
mediating tumor and micrometastasis regression (70, 
74). Heterogeneous populations of TILs have now 
been isolated from all kinds of solid human and 
mammalian neoplasms. Use of cytokines and 
lymphokines in the adoptive immunotherapy of 
cancer has been furthered by observations that the 
differentiation of T cells within the TILs to CTLs 
can be accomplished in the presence of recombinant 
Interleukin-2 (rIL-2) and/or autologous tumor cells 
in vitro, thus providing cells with great target 
specificity for the tumor mass (75). Identification of 
the target specificity and the evolution of the cell 
surface IP of these CTL involved in in situ, 
intratumoral immune responses to malignant 
neoplastic transformations are important in the field 
of human immunobiology and was described by us 
previously (76, 77). As mentioned above, the 
presence of autologous TILs, including cells directed 
specifically against TAAs and/or TSAs is extremely 
significant. In many malignancies, these infiltrates 

have been shown to possess a great number of 

+ 

CTLs, as well as many CD4 helper T cells with 
increased expression of IL-2 receptor (63, 78). The 
composition of the heterogeneous poly- and 
mononuclear cell infiltrate present within solid 
tumors includes leukocytes, monocyte/macrophages, 
natural killer (NK) cells, LAK cells, various 
subpopulations of T lymphocytes and in some cases 
such rare cell populations as plasma cells and mast 
cells (79). The infiltration may vary from florid to 
none at all, and the phenomenon rarely follows a 
consistent or predictable pattern. CTLs and NK cells 
kill target cells using two different mechanisms: the 
granzyme system and the Fas/APO-1 to Fas-Ligand 
interaction inducing apoptosis (programmed cell 
death) (80-82). It seems that perforin mediated 
membrane damage caused by these cells is followed 



by the apoptotic death of the target neoplastically 
transformed cells. NK cells also produce tumor 
necrosis factor-a (TNF-a) and the immune 
modulating interferon-y (IFN-y), and it has been 
shown that binding of TNF-a to its receptor is 
capable of triggering programmed cell death (83, 
84). In malignant melanoma (MM) patients who had 
regional lymph node metastases, suppressor T cell 
activity was detected against the CTL response at 

the lymph node level (85, 86). A significant 

+ 

migration of CD4 , helper T lymphocytes from the 
metastatic lymph nodes to the regressing melanoma 
lesions was suggested. As noted previously, lysis of 
malignant cells is accomplished mostly by the CTLs. 
Tumors effectively evade this antigen-specific 
immune response by down-regulating or losing their 
cell-surface MHC class I molecules (87, 88). Other 
neoplasms have been found to be MHC class I- 
deficient and thus effectively evade a specific 
immune response and lysis by CTLs (89). 
Transfection of MHC class I molecules into MHC 

class I-negative tumors led to tumor rejection by 

+ 

CD8 T lymphocytes in vivo, further substantiating 
the importance of the major histocompatibility 
complex in this cellular immune response (90, 91). 
NK cells have been recognized as the most effective 
immune cells in elimination of blood-borne 
metastases (92, 93). 

During the last few years additional 
physiological regulatory functions of IL-2 (initially 
termed T lymphocyte growth factor) have been 
identified. Dendritic cells (DCs) play an important 
role as professional antigen presenting cells (APCs) 
in vivo (94, 95). It has been determined that DCs 
accumulate in the lung in response to parenteral 
injections of IFN-y. In this publication the authors 
reported that rat DCs express the interleukin-2 
receptor (IL-2R) a chain (OX-39) and obtain 
enhanced motility in response to rIL-2 in Boyden 
chamber and video time-lapse microscopy assays. 
This enhanced motility was inhibited by pretreating 
DCs with anti-OX-39 (an anti-IL-2R MoAB), but 
not with anti-OX-22 (a MoAB which reacts with 
CD45RC). The intratracheal administration of rIL-2 

4 - 

increased the number of OX-6 intrapulmonary DCs, 
located around pulmonary venules and in the 
interstitium. When rIL-2 was injected into the rats' 
footpad, DC numbers increased around dermal 
venules 24 hours after the injection. This effect was 
blocked by the parenteral injection of MoAB anti- 
OX-39. It is clear that exogenous rIL-2 is a potent 
enhancer of DC motility and may cooperate with 
other Th-1 proinflammatory cytokines in attracting 
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DCs to sites of tissue inflammation. 

Our laboratory previously conducted systematic, 
immunocytochemical, cell-surface antigen 
expression profile of 76 primary childhood brain 
tumors [34 medulloblastomas (MED [/primitive 
neuroectodermal tumors (PNETs) and 42, various 
types of astrocytomas (ASTR)], using 
immunocytochemistry (76). The library of MoABs 
that we employed identified the expression of 
various leukocyte-associated, lymphocyte cell-line 
differentiation, cell-surface antigens. A strong, well- 

developed immune response was detected in the 

+ 

brain tumors observed. Leu-2/a cells comprise the 

+ 

most significant CD8 , CTL population of the 
heterogeneous infiltrate and were identified in 58/76 
(76.32%) childhood brain tumors. The CTL 
population usually represented 1-10% of total cells 
counted, but in some cases 30-44% of the cells were 
CD8 . CD4 (MHC class II restricted helper 
lymphocytes) were detected using MoAB anti-Leu- 
3/a, and were present in 65/76 (85.53%) brain 
tumors, representing 1-10% of the total cell 
population. Macrophages (Leu-M5 antigen positive 
cells) were detected in 74/76 (97.37%) brain tumors. 
Their number also represented 1-10% of all 
observed cells. All 76 (100%) brain tumors 
contained many cells that reacted positively with 
MoABs anti-HLA-A,-B,-C and anti-HLA-DR, 
confirming the expression of MHC class I and II 
molecules on the surface of the neoplastically 
transformed cells, although the reaction with the 
anti-HLA-A,-B,-C was much stronger. Leukocyte 
common antigen (LCA) expression was 
demonstrated by the positive reaction of cellular 
antigens with MoAB anti-HLe-1, in all 76 (100%) 
brain tumors studied. MoAB UJ 308 detected the 
presence of premyelocytes and mature granulocytes 
in 60/76 (78.95%) brain tumors. They were localized 
perivascularly, within the neoplastic tissue, or close 
to necrotic regions. Natural killer (NK) cells were 
not identified in the childhood brain tumors 
observed in our immunocytochemical studies. 

The above described observations on 
intratumoral host’s immune effector cells lends four 
conclusions: 

1. various effector cells of the host cellular 
immunologic defense were present in over 75% 
of the childhood brain tumors studied; 

2. the tumor cell population expressed both MHC 
class 1 and II molecules, although class I- 
restriction was predominant; 

3. granulocytes and premyelocytes were among 
the TIL population, with an as yet unclear 
function; and 



4. the infiltration by tumor infiltrating poly- and 
mononuclear cells occurs due to inflammatory 
"signals" that cause a nonspecific immune 
response to occur initially and is therefore, at 
least in the very first stages, independent of the 
cell-surface IP of the tumor cell population. 

In screening MM infiltrating mononuclear and 
polynuclear immunological effector cells we utilized 
ten, newly developed and well-characterized 
MoABs, directed against leukocyte differentiation 
antigens (77). Employing immunocytochemistry we 
were able to characterize the IP of the heterogeneous 
TILs of human primary (n=30) and metastatic 
(n=10) malignant melanomas (MM). Our study was 
the first to employ formalin fixed, paraffin 
embedded tissue sections in seeking to determine the 
ex vivo presence of tumor infiltrating leukocytes, 
including T lymphocytes, in human melanomas. We 
established the presence of some type of melanoma 
infiltrating host's immunological effector cells in all 
40 observed melanoma cases. Such a presence of 
infiltrating mononuclear cells is always indicative of 
a favorable response (76, 77, 96-99). More 
specifically, we found NK cells, macrophages and 
granulocytes in 30 out of 30 PMs and 10 out of 10 
MMs. These effector cells represented the vast 
majority (>80%) of the melanoma infiltrating 
immunocompetent cells. T lymphocytes were 
observed in 20 out of 30 PMs and 6 out of 10 MMs, 
but their numbers represented only between 5% to 
10% of the heterogeneous leukocytic infiltrate. B 
cells were found in 22 out of 30 PMs and 8 out 10 
MMs, their numbers representing less than 5%. 
Presence of cells of the dendritic reticulum, involved 
in antigen presentation was not determined in any of 
the observed PMs and MMs. There were more than 
enough macrophages and neutrophils, cells that are 
also involved in antigen presentation and, as 
previously mentioned, we found these cells within 
the melanomas. Thus defective antigen presentation 
cannot be the reason for the small proportion of T 
lymphocytes. The most probable explanation is the 
increased dedifferentiation of the melanoma IP to a 
degree that MHC class I molecules and the antigens 
complexed with them are lost and therefore there is 
nothing left to be recognized by the T lymphocytes. 
In view of these results it is our opinion that 
following the initial non-specific immune reaction, 
which may not be tumor specific, the specific 
immune response of effector T cells takes over. 
After significant IP changes by the majority of 
melanoma cells, including the internalization or 
shedding of MHC class 1 antigens, these highly 
specialized "killer cells" are no longer effective and 
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the immune system responds by causing the 
reappearance of NK cells, macrophages and 
granulocytes (100). Thus, the relationship between 
melanoma and the host's immune system is 
evolutionarily dynamic: either side when 

necessitated readily makes changes. 



6. THE SIGNIFICANCE OF ONCOGENES 
AND GROWTH FACTORS 

Normal cell survival requires the expression of 
certain genes and the action of various trophic 
growth factors. The irregular activation of cellular 
proto-oncogenes, normally activated during 
processes of development and differentiation, is a 
key moment in the development of neoplasms (101- 
104). Inactivation, mutation, or loss of tumor 
suppressor genes, as well as inactivation of 
inhibitory growth factors are also regarded as 
important events in neoplastic cell transformation 
(105). Three members of the ms gene family (ft-, 
K-, and N-ras ) are frequently activated oncogenes in 
both human neoplasms and animal model systems 
(106, 107). 

During our earlier research we observed the 
expression (overexpression) of the c-erbB-2 and c- 
erbB-3 oncoproteins in 30 primary cutaneous 
malignant melanomas MMs (CMMs), 10 already 
metastasized malignant melanomas (MMMs) and 1 5 
lymph-node negative breast carcinomas (BCs) (108). 
Both oncoproteins were expressed as a result of 
either oncogene amplification or post-translational 
stabilization. c-erbB-2 alone is unable to bind 
neuregulins, but it is able to act as a pan c-erbB 
receptor subunit. Heterodimerization between c- 
erbB-2 and c-erbB-3 is required to initiate 
neuregulin directed signal transduction. Presence of 
c-erbB-2 oncoprotein was detected in 12/30 CMMs, 
8/10 MMMs and 6/15 BCs, while c-erbB-3 was 
identified in 14/30 CMMs, 7/10 MMMs and 6/15 
BCs. The intensity of the cell membrane localized 
immunoreactivity was observed to be greater when 
the c-erbB-2 oncoprotein was targeted (A, AB and 

B) . The c-erbB-3 oncoprotein was also detected in 
the cytoplasm with a medium intensity (B, BC and 

C) . Unfortunately, little is known concerning the 
range of oncoprotein overexpression after formalin 
fixation and paraffin embedding. We demonstrated 
overexpression localized to several cell clones 
within the oncoprotein positive population of 
neoplastically transfonned cells. The 
immunocytochemically defined extent of expression 
of both oncoproteins was between 10-40% (+ to ++) 



of the total cell population in the malignant 
melanomas and 20-35% (++) of the total cell 
population in the BCs. 

These results lead to the following conclusions: 

1. there is a direct correlation between the 
expression (overexpression) of both 
oncoproteins and the aggressive clinical 
behavior and poor prognosis of the observed 
human malignancies; and 

2. oncogene receptor directed immunotherapy, as 
part of a more individualized anticancer 
treatment can also be recommended. 

An indirect effect of growth factors on SR was 
reported in a case report of SR of advanced lung 
cancer following myxoedema coma (109). Thyroid 
hormone (T3) is a potent enhancer of growth factors, 
notably epidermal growth factor (EGF) which is 
frequently present in lung malignancies, nerve 
growth factor (NGF) and insulin-like growth factor 
(IGF). We have found that transfonning growth 
factor (3 (TGF-(l), an endogenous inhibitor, plays a 
significant role in the ontogenetic development of 
thymic lymphopoiesis and in normal hematopoiesis 
(110). The diverse actions and target cells of growth 
regulatory factors has established the fact that 
dysregulation of these molecules is a crucial step in 
carcinogenesis. Observation of chronic myeloid 
leukemia (CLM) cells in tissue culture indicates an 
alteration in the balance between stimulatory and 
inhibitory factors, as compared with normal 
hematopoietic cells (111), further substantiating the 
role of growth regulatory factors in the etiology and 
maintenance of neoplastic growth and progression. 

6.1 Hormonal mechanisms 

Several cases of pregnancy associated complete 
SR of MMs have been reported (27, 112). The 
remission of acute myelogenous leukemia and rare 
cases of SR of sarcoma metastases following 
termination of pregnancy have also been described 
(27,29,113,114). 

In SR of BCs, complex hormonal mechanisms 
have been proposed as the main mediators (115- 
117). The development of ovarian metastases, which 
induce an endogenous oophorectomy, may also lead 
to SR of the BC. Estrogen receptors have been 
detected on the cell surface of a number of human 
malignancies, including BCs, MMs, myeloid 
leukemia cell lines, ovarian cancer, and prostate 
cancer. Five cases of SR of ovarian carcinoma 
following oophorectomy were described by Everson 
and Cole (27). Estrogen along with colony 
stimulating factor (CSF) has been reported to have a 
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stimulatory effect on the growth of a number of 
myeloid leukemia cell lines (118). Estrogen receptor 
related hormonal therapy of MMs has generally 
produced disappointing results (1 19-121). 

6.2 Induction of intratumoral cell 
differentiation 

Mammalian embryonal development is partly 
regulated by genetically active chemical compounds 
such as retinoids (naturally occurring and synthetic 
analogs of vitamin A [retinol]) (122-129). These 
compounds play an important role in normal 
organogenesis, but can also act as teratogens at high 
levels. They are also powerful inducers of 
differentiation in many embryonal carcinoma cell 
lines. Embryonal carcinoma cells are also 
pluripotent stem cells that, in a number of aspects, 
resemble the omnipotent stem cells of early 
mammalian embryogenesis (130-134). Most of the 
embryonal teratocarcinoma cells seem to be 
committed to a specific differentiation pattern 
regulated by their genetic programs (e.g. F9 cells 
differentiate into parietal or visceral endoderm) 
(135-138). 

Embryonal cell carcinoma of the testis, 
leukemia, retinoblastoma, neuroblastoma, and 
choriocarcinoma are neoplasms in which cell 
redifferentiation, a process of redevelopment of 
cellular non-malignant IP is an accepted 
phenomenon, and can be a major factor in SR (62, 
139-143). In vitro experiments with neuroblastoma 
cells demonstrated that cell redifferentiation can be 
induced employing nerve growth factor (NGF), 
cyclic nucleotides, retinoic acid, among other 
compounds (61, 144). 

6.3 The effects of stress 

The vital processes of cellular growth, tissue 
remodeling, and morphogenesis are partially 
regulated by stress (145). Solid stress imposed by 
the extracellular matrix, in addition to the stress 
generated by neoplastically transformed cell growth 
and tissue reforming may also be important in the 
progression of neoplasms. A number of 
experimental observations have hypothesized that 
solid stress may affect the neoplasm's rate of growth 
(146-148), growth patterns in vivo and in vitro (149, 
150), intratumoral cellular interactions and blood 
flow (151-153), and metastasis of neoplastically 
transformed cells, expressing a unique IP (154, 155). 
At the level of a single blood capillary, the local 
stress caused by a growing neoplastic spheroid mass 



has been shown to generate a significant 45 to 120 
mm Hg intra-arterial pressure. It may be responsible 
for the collapse of the vessel wall and the related 
chronic vascular or lymphatic occlusion, regardless 
of mammalian species, tissue of origin, or stage of 
cellular dedifferentiation. This kind of blood or 
lymphatic vessel collapse can explain the poor blood 
flow and inhibited lymphatic drainage in solid 
tumors, which is also capable of inducing a sub- 
optimal delivery of anticancer agents to the site of 
the malignancy. The proliferation rate of tumors 
under such stresses did not demonstrate any 
significant alteration, but apoptosis among these 
neoplastically-transformed cells was downregulated. 
The experimental growth of multicellular neoplastic 
spheroids in vitro mimics the complex process of in 
vivo tumor progression in the mammalian host, and 
may serve as another experimental model (156). 



7. SIGNIFICANCE OF SR IN 

ANTINEOPLASTIC THERAPY 

As was mentioned above, the continuous process 
of neoplastic transformation consists of thousands of 
discrete steps beginning with the initial expression 
of oncogenes and neoplastic transformation of the 
cellular IP and culminating in uncontrollable cell 
proliferation and the development of metastatic 
potential. Theoretically, carcinogenesis could be 
inhibited at each one of these steps. It is made clear 
in the medical literature that the rate of occurrence 
of SR in uncommon malignancies is much higher. 
This observation may also be true since it is also 
possible that these neoplasms are considered 
uncommon because SR is much more frequent in 
such cases. In addition, SR cases are hard to come 
by since it is hard to accept that at the end of the 
twentieth century and at the beginning of the twenty- 
first century, some cases of malignant human 
neoplasms would still be allowed to grow without 
any therapeutical intervention or are not properly 
treated. Indeed a thorough literature search reveals a 
number of reports of SR in which the employed 
therapy may have played a regression modulating 
action. However, even today some patients are 
refusing anticancer surgery, total or partial body 
irradiation, and chemotherapeutic clinical trials. 

During the last decade, a number of novel 
discoveries in basic research were successfully 
applied in the immunotherapy (biotherapy) of 
various human neoplasms in specially designed, 
genetically altered and more individualized clinical 
trials (157, 158). Neoplasm associated antigens 
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recognized by cellular or humoral effectors of the 
immune system are potential targets for antigen 
specific anticancer immunotherapy (159). Different 
categories of neoplasm antigens have been identified 
as inducing cytotoxic T lymphocyte (CTL) 
responses in vitro and in vivo, namely: 

1. "cancer testis" (CT) antigens, expressed in 
different tumors and normal testis, 

2. melanocyte differentiation antigens, 

3. point mutations of normal genes, 

4. self antigens that are overexpressed in 
malignant tissues, and 

5. viral antigens. 

7.1 Newly developed hormone replacement 
strategies 

During the last 20 years it has become clear that 
estrogen replacement therapy dramatically increases 
a woman's chance of developing uterine and breast 
cancer. Progestins have been added to the estrogen 
administration since the late 1980's, first for 7 days 
every month, and later for 10 days. Pike and co- 
investigators (160) observed 833 women who had 
developed endometrial neoplasia and 791 women 
who had not. 10 day or continuous combined 
(estrogen and progestin) therapeutical regimens 
completely eliminated the increased carcinogenic 
risk on the endometrium. These findings should be 
helpful in the devisement of effective hormone 
replacement strategies that are not associated with 
increased risk of developing BC. It is important to 
mention that complete regression of hepatocellular 
adenoma was reported after withdrawal of oral 
contraceptives (161). 

7.2 Adoptive cellular immunotherapy 
employing autologous CTLs 

Adoptive cellular immunotherapy can be defined 
as a representative type of fourth modality 
anticancer therapy involving the active transfer of 
autologous immunological effector cells, expanded 
in vitro with antitumor activity to the tumor-bearing 
host. The in vitro expansion and long-term 
maintenance of spontaneously generated TAA- 

and/or TSA-specific and directed, MHC class I 

+ 

restricted, CD8 CTLs, along with the killer cells of 
natural immunity represents the ultimate goal of 
adoptive cellular anticancer immunotherapy. As we 
have already stated, the intratumoral poly- and 
mononuclear cell infiltrate represents a 
heterogeneous cell population, both in their surface 



IP and functional profile (79, 162). Single color 
flow-cytometry (FACScan) analysis has revealed a 
predominance of T lymphocytes among tumor 
infiltrating immunological effector cells, and a 
significant reduction of natural killer (NK) cells or 
"large granular lymphocytes" (LGL) compared with 
the controls in most solid malignancies. Two color 

analysis demonstrated that the number of single 

+ 

positive, mature CD4 CD8 (helper T lymphocytes) 

+ 

and CD8 lib (cytotoxic T lymphocytes) were 
significantly increased. This increase of both helper 
and cytotoxic T lymphocytes, which are 
indispensable components of the cellular arm of the 
immune system, strongly implies that tumor 
infiltrating T lymphocytes mediate an antigen- 
specific cellular immune response against neoplasms 
(162). Due to the heterogeneous nature of the 
leukocytic infiltrate, it is a reasonable hypothesis 
that TILs are first attracted to the tumor site as part 
of a nonspecific immune response to an 
inflammatory "signal." It is following necrotic 
changes in the neoplastic cell mass that monocytes 
among other APCs, acting in their antigen 
presenting cell role, consume the necrotic cells and 
present previously "hidden" TAAs and/or TSAs to 
the other effector cells among the TILs thus 
accomplishing the immunization and subsequent 
differentiation of the T lymphocytes into CTLs, with 
tumor-specific lytic capabilities in situ. These CTLs 
are responsible for the specific, immunological 
process of antibody-dependent cell-mediated 
cytotoxicity (ADCC), and represent the dominant 
cell population among the TILs, following the 
initial, non-specific immunological response (163). 
It has also been determined that NK cells also 
participate in cell-mediated cytotoxicity (without 
MHC class I restriction), and are able to induce 
apoptosis in a variety of neoplastic cell targets 
resistant to secretory (perforin/granzyme mediated) 
cytolysis (92, 93). The authors demonstrated that 
NK cells are unique immunological effector cells 
endowed with multiple mechanisms of destroying 
neoplastically transformed cells. Only NK cells have 
been observed to possess an inherent ability to 
rapidly induce programmed cell death in solid tissue 
derived neoplastic cells displaying a malignant IP. 
Furthermore, a subpopulation of IL-2 activated NK 
cells, the so-called A-NK cells, is capable of 
extravasation, movement within solid tissues, 
localization to the sites of neoplastic metastases, and 
destruction of malignant cells in situ. Therefore 
systemic adoptive immunotherapy employing A-NK 
cells is a tolerable and highly recommended form of 
anticancer therapy for solid tissue neoplasms and 
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hematologic malignancies (92, 93). 

TILs from renal cell carcinomas, lung 
adenocarcinomas and other malignancies have been 
expanded in vitro and been shown to mediate 
significant lysis of autologous tumor cell 
preparations, as detected by a Cr release 
cytotoxicity assay (164, 165, Bodey unpublished 
results). When the specificity of TIL antitumor 
cytotoxicity was examined, the renal anticancer 
effectors lyzed autologous and allogeneic renal and 
non-renal tumor targets equally well (166). The lytic 
capacity of these TILs was dependent on CTLs 
expanded in vitro in the presence of autologous 
tumor cells and exogenous IL-2. If the culture 
medium was enriched only with rIL-2 during the in 
vitro cultivation, several "killer" clones were also 
developed, therefore the mixture of these cells also 
lyzed allogeneic tumor cell targets. It has recently 
been established that the in vivo administration of 
rIL-2 during the immune response does not enhance, 
but rather eliminates the antitumor activity of T cells 
and thus the addition of irradiated tumor cells along 
with the T lymphocytes has been proposed as an 
effective way of modulating the immune response 
(167). 

Rosenberg reported that from 50% of patients 
with MM, TILs with specific cytolytic antitumor 
reactivity can be isolated (168-174). Rosenberg and 
co-investigators also isolated TILs from 15 of 20 
surgical specimens of non-renal, uro-genital 
malignancies (transitional cell carcinoma of the 
urinary bladder, prostate cancer, testicular cancer, 
Wilms' tumor and adrenal cancer) (175). Expansion 
was carried out in four different tissue culture media 
enriched with 1000 U/ml rIL-2: 

1. RPMI-1640 medium supplemented with 20% 

(by volume) of LAK-culture supernatant; 

2. RPMI-1640 medium without the supernatant 

supplement; 

3. AIM V medium supplemented with 20% (by 

volume) of LAK-culture supernatant; 

4. AIM V medium without any supplement. 

A higher proliferation rate was detected in AIM 
V medium than in RPMI-1640. Addition of LAK- 
culture supernatant significantly enhanced the 
growth conditions in RPMI-1640 medium, but did 
not improve the ability of AIM V medium to culture 
TILs. The TILs that were maintained for the longest 
period of time were CD3 . The ratio of CD4 /CD 8 
T cells varied with time in culture and culture 

conditions (employed medium, various supplements, 

+ 

etc.), but most cultures in time became mostly CD4 . 
Mononuclear cells bearing NK, B, and macrophage 
surface markers disappeared from the culture quite 



early. Overall 14/15 TIL samples were cytolytic 
against one of the autologous and allogeneic tumor 
targets tested. The results suggest that the TIL 
phenomenon may reflect a combination of 
immunological cellular responses, including the 
numerous non-specific LAK effectors, as well as the 
highly specific CTL clone (176). Cellco Inc. 
(distributed by Spectrum Inc., Laguna Hills, CA, 
USA) has developed an artificial capillary cell 
culture system called Cellmax , designed to emulate 
the human capillary network. Cellmax provides 
superb in vitro conditions for T lymphocyte 
proliferation and expansion, within its semi- 
permeable artificial capillaries. Perfused with cell 
culture medium, the capillaries supply the cells with 
oxygen and the necessary nutrients, and also provide 

an outlet for metabolic waste and other growth 

® 

inhibitory substances produced in culture. Cellmax 
represents an advanced, more natural 
microenvironment for the cultured TILs, resulting in 
exceptionally dense cell growth. These conditions 
allow better cell to cell communication and rapid 
accumulation of autocrine growth factors for 
enhanced cellular proliferation (permits culture of up 

9 

to 5 x 10 TILs) and viability, and also permits the 
use of a reduced quantity of serum or even serum- 
free culture conditions (177-180). 

Neoplastic cell IP heterogeneity has been 
proposed as a possible basis for immunotherapeutic 
failure when specific expanded TILs are employed 
for cancer treatment (181). TILs from a melanoma 
patient (#397) were co-cultured with the autologous 
melanoma cell line in form of bulk culture. Four 
cycles of immunoselection produced tumor 397-R4, 
completely resistant to 397 TILs, but not to 
allogeneic LAK cell lysis, as examined in 4 hour 
Cr release cytotoxicity assays. Cell surface 
alteration was at least one of the mechanisms 
causing resistance to TILs. Treatment of 397-R4 
cells with IFN-a or IFN-y with or without TNF-a 72 
hours before cytolytic assays enhanced lysis be 
TILs, possibly due to the enhanced cell surface 
expression of MHC class I and II molecules and the 
cell adhesion molecule ICAM-1. The up-regulation 
of 1CAM-1 allows for the more effective lysis of low 
susceptibility tumors by CTLs. A TIL subpopulation 
grown independently from tumor #397 overcame the 
resistance of the tumor cells. 

Unfortunately, the full potential of adoptive 
cellular immunotherapy has yet to be explored since 
clinical trials (Phase II and III) with TILs are limited 
to the treatment of advanced, metastatic, usually 
stage IV neoplasms in humans. The sheer size of 




9. Spontaneous Regression of Neoplasms: New Possibilities for Immunotherapy 



189 



these tumor masses poses a great barrier to the 
efficacy of adoptive cellular immunotherapy. The 
much greater cellular proliferation rate of the 
neoplasm, coupled with the heterogeneous nature of 
the tumor cell population simply overpowers the 
ADCC immunological response of the TILs against 
the malignancy. 

It is well known that IL-2-dependent activated, 
cytotoxic cells undergo apoptotic death when IL-2 is 
withdrawn either in vitro or after in vivo cell 
transfer. To attempt to sustain their survival after IL- 
2 withdrawal, melanoma-reactive human T 
lymphocytes were retrovirally transduced with an 
exogenous human IL-2 gene (182). Transduced 
PBMC and cloned CD8( + ) T lymphocytes produced 
IL-2 and maintained viability after IL-2 withdrawal. 
Upon restimulation, IL-2 transductants proliferated 
in the absence of exogenous IL-2 and were able to 
be actively grown. Their survival could be 
maintained without adding any IL-2 for over 8 
weeks. However, PBMCs similarly transduced with 
a control vector did not produce IL-2 and failed to 
proliferate in the absence of IL-2. A CD8( + ) T cell 
clone, when transduced with an IL-2 gene, 
manifested the same phenotypes as PBMCs in the 
absence of exogenous IL-2. Furthermore, an 
antibody reactive with the a-chain of IL-2R 
complex reduced the viability mediated by IL-2 
secretion of the IL-2 transductants. Moreover, 
transduction of an IL-2 gene did not affect the high 
degree of recognition and specificity of 
transductants against melanoma targets. These 
tumor-reactive IL-2 transductants were valuable for 
in vitro studies and for improved adoptive transfer 
therapies for patients with metastatic melanoma. 

7.3 Retargeting of CTLs using bi-specific 
antibodies 

Cytotoxic immune effector cells express special 
cell surface receptors by which they are able to 
distinguish altered autologous or foreign cells from 
the host's cells. Recently a new method has been 
developed by which this natural recognition system 
of cytotoxic cells can be manipulated and directed to 
give rise of cytotoxic cells with any desired 
antigenic epitope specificity, including specificity 
against altered autologous, neoplastically 
transformed cells. This method, termed "retargeting 
of cytotoxic cells" (or "antigen-directed retargeting 
of cytotoxic cells" would probably be more 
accurate) employs heterocross-linked, bi-specific 
antibodies in which one antibody is directed against 
the cytotoxic cell receptor (CCR or in the case of 



CTLs part of the Ti-CD3 complex) involved in the 
lytic response, while the second antibody is directed 
against a target cell structure (in the case of tumor, 
this would be represented by the TAAs and/or 
TSAs). By linking the CCR directly to the target 
cell, the bi-specific MoABs promote the formation 
of effector-to-target conjugates and signal cytotoxic 
cells to deliver a lethal hit (183-185). 

Several types of ADCC effector cells (NK/K, T 
lymphocytes, macrophages, neutrophilic 
granulocytes) can be specifically retargeted, using 
heteroconjugates containing antibodies against Fc-y 
receptors (186). Antigen directed, retargeted human 
peripheral blood lymphocytes with a bi-specific 
antibody targeting c-erbB-2 and CD 16 caused the 
eradication of xenografted human ovarian carcinoma 
in 70% of murine models (187). In a more recent 
study, the immunomodulatory function of an anti- 
CD3/CA19-9 bi-specific MoAB in combination with 
a costimulatory anti-CD28 antibody was examined 
(188). Such a combination may result in not only 
antigen-specific, T lymphocyte mediated tumor cell 
lysis, but also in the recruitment of other cellular 
effector functions. Indeed, the authors found that 
specific activation of resting T cells with CD3- 
associated bi-specific MoABs in combination with 
an anti-CD28 antibody lead to a Thl differentiation 
pathway (characterized by secretion of IL-2 and 
IFN-y) and is accompanied by recruitment of MHC- 
independent LAK and NK cell cytotoxicity. Such 
methods may hold great promise in the treatment of 
malignancies, which are always characterized by a 
great deal of cellular heterogeneity. Many other 
combinations have also been tested with the hopes 
of developing a more specifically targeted and 
effective immune response against neoplastically 
transformed cells (189-197). 

7.4 Adoptive cellular immunotherapy 
employing genetically modified cells 

The introduction of genes of cytokines such as 
TNF, IFN-a. IFN-y, IL-2, and IL-4 into malignant 
tumor cells to improve their immunogenicity is 
being studied extensively (71, 168, 198-203). A 
preclinical study in mice indirectly raised a host 
CTL-mediated antitumor response using autologous 
renal cell carcinoma cells engineered by gene 
transfection to secrete the cytokines IL-2 or IL-4 

(so-called Renca-IL-2 and Renca-IL-4 cells). Renca 

+ 

cells became immunogenic and a CD8 , MHC class 
I restricted, TAA and/or TSA directed cellular 
immune response ensued (204, 205). This in situ 
secretion of lymphokines critical for CTL activation, 
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proliferation, and function appears to bypass a 
deficient helper T cell arm of the immune system in 
tumor-bearing host. Small numbers of Renca cells ( 1 

3 

X 10 ) were not rejected by the B ALB/c mouse. 
When injected under the renal capsule, Renca cells 
displayed a metastatic pattern of growth similar to 
human renal cell carcinoma. The genetically 
engineered autologous tumor cells were altered to 
secrete IL-4, the helper cell lymphokine that 
participates in the regulation of growth and 
differentiation of B cells and T cells in the 
generation of CTLs. In fact, the administration of a 
tumor "vaccine" consisting of non-immunogenic 
BF16-F10 murine melanoma cells genetically 
engineered to express granulocyte-macrophage 
colony-stimulating factor (GM-CSF), but not IL-2, 
IL-4, or IFN-y resulted in the induction of resistance 
to rechallenge (206). In another recent study, tumor 
cell clones derived from the MT-901 chemically 
induced murine mammary adenocarcinoma were 
generated to either express the T cell costimulatory 
molecule B7-1 or secreting GM-CSF (207). Upon 
reintroduction into Balb/c mice, these genetically 
modified tumor cells exhibited reduced 
tumorigenicity, but not complete growth inhibition. 
In vivo subcutaneous inoculation of a transgenic cell 
clone secreting GM-CSF as a tumor "vaccine" 
resulted in enhanced T-cell reactivity of tumor- 
draining lymph node (TDLN) cells as compared 
with wild-type TDLN cells. The additional 
transfection of the IL-12 gene into these cells was 
shown to result in complete abrogation of growth of 
the malignancy. A plethora of studies concerning the 
use of genetically modified tumor cells as "vaccines" 
in inducing enhanced T lymphocyte responses and 
even immunological memory have been published 
during the last few years (for representative articles 
see 208-221). 

A novel and possibly even more effective 
method for activation of the host's immune system 
lies in the injection of tumor-extract pulsed antigen 
presenting cells (APCs) instead of genetically 
engineered tumor cells. In a recent study, the 
efficacy a vaccine comprised of APCs (both DCs 
and macrophages) that had been exposed to 
unfractionated tumor material in vitro was 
investigated. The malignancies observed included 
two poorly immunogenic murine models: murine 
bladder tumor (MBT-2) and B16 melanoma lung 
metastasis (222). The efficacy of APCs (especially 
DCs) pulsed with unffactionated extracts from these 
tumors in eliciting tumor-specific CTLs was 
significant. A measurable CTL response could be 
observed following just a single immunization with 



tumor extract-pulsed DC. 

The viral and viral vaccine therapy of human 
neoplasms is also being investigated and involves 
two possibilities: 

1 . the appearance of a virus-induced peptide on the 
surface of the neoplastic cell targets that allows 
an enhanced CTL response against 
neoplastically transformed cells, and 

2. the development of virally-modified vaccines 
using neoplastic cell membranes that can 
provoke a "rejection strength" immunological 
reaction against the malignancy (223). 

The genetic manipulation of TILs employing 
various immune response modifiers such as IL-2, 
IL-4, IL-7, TNF, and others is also being 
investigated so that the effectiveness of TILs against 
neoplastically transformed target cells would be 
enhanced (71, 168, 198-201, 224-226). This 

genetically induced secretion of various cytokines 
may even provoke secondary cytokine secretion in 
situ and thus further amplify the cellular immune 
response (227). The genetic modification of the T 
lymphocyte receptor to form chimeric molecules 
expressed on the surface of CTLs and targeted 
against TAAs or TSAs represents another elegant 
possibility in the immunotherapy of cancer (228). 



8. CONCLUSIONS 

SR is defined as an occurrence when the 
malignant neoplastic mass partially or completely 
disappears without any treatment or as a result of 
therapy considered inadequate to influence systemic 
neoplastic disease. This definition is highly 
accepted, but it should be noted that the true 
existence of SR of neoplasms is often questioned 
and some simply do not accept this 
pathophysiological phenomenon. On the other hand, 
there are physicians who think that SR is one of the 
most fascinating events in all of medicine and 
should be further explored. Even the term SR, in 
fact, reflects our quite incomplete knowledge 
concerning possible neoplastic regression without 
the utilization of the three classical antineoplastic 
modalities of treatment. A number of authors 
postulated that factors such as the diseased host's 
immunological and endocrine response, additional 
infections (bacterial or viral), apoptotic and necrotic 
intratumoral changes, surgical or other trauma, etc. 
may have caused the SR. There a number of possible 
mechanisms of SR, but no single mechanism can 
completely account for this phenomenon. It 
becomes obvious that much more research is needed 
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to properly explore this phenomenon, with 
knowledge of it possibly opening a new door for 
treatment. 

We strongly recommend that TILs should be 
isolated, expanded, genetically engineered and 
primed against the existing tumor mass through 
autologous neoplastic cells obtained through biopsy 
in vitro, and should be employed as soon as 
following the initial surgical resection of the bulk of 



the primary neoplasm. These highly activated 
immune effector cells should be employed in the in 
situ targeting of residual neoplastically transformed 
cells and consequently preventing metastasis as a 
result of the dissemination of cancer cells during 
surgical resection. Employed together with a mixture 
of appropriate cytokines and MoABs, the adoptive 
cellular immunotherapy could be a successful 
antineoplastic therapeutic modality. 
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APPENDIX 



1. MATERIALS AND METHODS 



1.1 Experimental Subjects 

During our thymic studies, 212 fetal and 25 
postnatal human thymuses were observed 
immunomorphologically employing light 
histological, histochemical, immunocytochemical 
and electron microscopical (transmission and 
scanning) methods. Thymic indices were calculated 
for each dissected organ separately as the percentage 
that thymic weight represented of the total body 
weight. Postnatal thymus samples were obtained 
fresh during open-heart surgery on patients aged 0 
(i.e. newborn) to 21 years. The patients suffered 
from various congenital cardiovascular diseases 
without any other systemic or immunological 
disorders. Several thymic tissues were used for in 
vitro, tissue culture investigations, followed by 
detailed histological, immunofluorescent (FACS) 
and immunocytochemical observation. Detailed 
descriptions of the histological, histochemical, and 
immunocytochemical techniques employed were 
published earlier in our other reports on the thymus 
(160,339,462-471). 

Twenty-six adult male and female dogs (beagle) 
were used for radiation and stem cell transplantation 
experiments. The animals were dewormed and 
immunized against distemper, leptospirosis, and 
hepatitis contagiosa several weeks before the 
commencement of the experiments. Twenty of them 
were irradiated and six served as the control group. 
The dogs were kept in the animal facilities of our 
laboratory, in compliance with the recommendations 
of the Institute of Laboratory Resources, National 
Research Council (USA) for the care and use of 
laboratory animals (166). 

Male Balb/c mice were housed in plastic cages 
and fed with pelleted food and water ad libitum. The 



life span of our experimental mice ranged between 
24 and 28 months. We considered a mouse as being 
"young" at 2 months of age and "old" at 22 months. 

1.2 Conditioning of Recipients for 
Hematopoietic Stem Cell Grafting 

A Siemens Stabilipan x-ray therapy machine was 
employed as a radiation source. The following 
factors were used: 300 kV, 12 inA, half value layer 4 
mm Cu, and a source-to-target distance of 1.2 m. 
The total dose (12 Gy) and the dose rate (6.5 
cGy/min) were measured at the midline of a 
phantom. The dogs were anesthetized with 
Combalen (Bayer-Leverkusen, Germany) and 
exposed to half the dose from each side. No part of 
the body received less than 80% of the dose 
measured at the midline (166, 449). 

1.3 Collection of Cells for Grafting 

Leukocytes were obtained from the blood by 
continuous flow centrifugation, using the NIH-IBM 
experimental blood cell separator described by 
Buckner et al. (450). The blood was collected from 
the carotid artery and returned to the jugular vein. 
During a 4-6 hour leukapharesis, about 10,000- 
15,000 ml of blood went through the machine at a 

9 

flow rate of 40 ml/min, separating 16.1-24.8 x 10 
cells (mean 22.5 ± 5.3) leukocytes from the blood, 
as calculated by Herbst and co-workers (451). 

1.4 Tissue Cultures of Thymic RE cells on 
Polycarbonate Filters 

Prenatal thymic lobules from 14 day old mice 
which had just begun forming were placed on 0.4 
mm thick polycarbonate filters floating on 6-7 ml 
RPMI 1640 culture medium supplemented with 10% 
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heat-inactivated fetal calf serum, at 24°C for 7 days 
to produce a thymocyte free RE cell matrix. After 7 
days, the cultured cells were wanned to 37°C, then 
harvested or collected for morphological observation 
or used in co-culturing experiments with bone 
marrow derived hematopoietic cells (170). 

1.5 Cryopreservation and Transplantation 
Procedure 

The separated blood leukocytes were frozen in a 
cell freezer (type BV4, Cryoson, Medden Beemster, 
The Netherlands) and stored for several weeks in 
liquid nitrogen. The frozen cells were rapidly 
thawed, suspended in Hanks' balanced salts solution 
(HBSS), and then injected i.v. about 2 hours after 

9 

irradiation. The dogs received 0.17-2.44 x 10 blood 
mononuclear cells (BMNC) per kg of body weight. 
Each animal received its own cells, which had been 
cryopreserved prior to irradiation. The number of 
mononuclear cells in a leukocyte suspension was 
minimally influenced by the freezing and thawing 
procedures. For further information about the 
procedure, see Bruch and co-investigators (452). 

1.6 Assay for the Presence of 
Granulopoietic Colonies 

The number of colony- forming units in agar 
culture (CFU-c) present in the transfusate was 
calculated by an assay of samples of the cell 
suspension taken after thawing. The dogs for the 
short-term study received 2,000-176,000 CFU-c per 
kg of body weight. Those for the long-term study 
received 19,000-138,000 CFU-c per kg of body 
weight. The method was performed according to 
Bradley and Metcalf (453), modified by Kovacs et 
al. (454). 

1.7 Determination of Mouse T 
Lymphocyte Subsets 

Mouse T lymphocyte subpopulations were 
analyzed in spleen and thymic cell suspensions by 
double cytofluorimetric assay (Epics V-Coulter) and 
employing a library of monoclonal antibodies 
(Becton-Dickinson Inc). 

1.8 Cell Proliferation Assay and Analysis 
of IL-2 Secretion 

5 

Splenocytes (2 to 4 x 10 ) from 2 month old 



mice were stimulated with the mitogens ConA (2.5 
mg/ml), PMA (5 ng/ml) plus A23187 (100 ng/ml), 
cross linked for two days with MoAB anti-GD3e, 

3 

and pulsed with 37 kBq [ H] thymidine (Amersham 
Corp., Arlington Heights, IL) and kept in vitro for 8 

3 

to 16 hours and harvested. [ H] thymidine uptake 
was measured employing a Micro (3™ liquid 
scintillation counter (Pharmacia, Uppsala, Sweden). 
Production of interleukin-2 (IL-2) was measured by 
the proliferation rate of the IL-2 dependent cell line 

CTLL-2 (6 x 10 cells). The cells were co-cultured 
using supernatants from the proliferation assay after 
stimulation for 2 days. The CTLL-2 cells were 

3 

pulsed with [ H] thymidine and harvested in the 
manner described above. 

1.9 Histochemical Stainings 



1.10 Immunocytochemistry 



1.10.1 Libraries of Antibodies 

Our detailed immunohistochemical studies were 
performed on several human and other mammalian 
prenatal and postnatal thymuses, employing fresh 
frozen and formalin fixed, paraffin-wax embedded 
tissue sections with well selected libraries of poly- 
and monoclonal antibodies (MoABs) to observe the 
maturation level and pathway of thymocytes and to 
identify the immunophenotypes (IPs) of developing 
and functionally mature stromal and non-stromal, 
accessory cells of the thymic microenvironment 
(455). During the detailed immunocytological 
studies, we were able to characterize the intrathymic 
professional antigen presenting cell types and 
functional changes in IP during maturation of 
thymocytes into immunocompetent, functional 
subsets of T lymphocytes and the differentiation of 
the stromal elements of the thymic 
microenvironment. The following antibody (mouse, 
anti-human, monoclonal and rabbit, anti-human, 
polyclonal) library was employed in our 
immunocytochemical observations on human and 
other mammalian thymuses: 

1. Anti-endocrine cell and anti-RE cell: A,,B 5 , 
Thy-1, and anti-epithelial membrane antigen 
(EMA); 

2. Anti-neuroectodermal and anti-epithelial : UJ 
13/A, UJ 127.11, UJ 167.11, UJ 181.4, UJ 
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223.8, UJ 308, J1153 and PI 153/3 (produced 
and provided to us by the laboratory of Dr. 
Kemshead in England); 215, 275, and 282.1; 

3. Anti-hematopoietic and anti-T lymphocyte 
differentiation markers'. CLA (anti-HLe-1 
directed against a 200-220 kD cell surface 
receptor, the CD45 LCA is a family of five or 
more high mol. weight glycoproteins present on 
the surface of the majority of human leukocytes 
but absent from erythrocytes and platelets. The 
CD45R subfamily is divided into three isoforms 

- CD45RA, CD45RB and CD45RO (DAKO); 

+ 

Leu-2/a (against CD8 , cytotoxic/suppressor T- 

lymphocytes), Leu-3/a,3/b (for identification of 

+ 

CD4 , helper lymphocytes), Leu-4 (CD3), Leu- 
5b (CD2), Leu-6 (CD1), Leu-7 (HNK1), Leu-8, 
Leu-9 (CD7), Leu-1 1/b (CD16), anti-CD57 for 

detection of natural killer cells, and 

+ + 

neuroectodermal cells. CD57 CD8 
lymphocytes are identified as 
suppressor/cytotoxic T lymphocyte subset; 
Myelomonocytic antigens: Leu-7, anti-CDlla 
or LLA, Leu-14, Leu-19, Leu-M5 or anti- 
CD lib (for monocytes/macrophages); 
Activated immune cells: Interleukin-2 receptor 
(CD25 or anti-Tac or IL-2R) and anti-transferrin 
receptor (Neomarkers Inc., Lremont, CA); 
Intracellular Adhesion Molecule (ICAM-I or 
CD54), LFA-3 (gp55-70 or CD58) and Leu-M5 
(for monocytes/macrophages); mouse T 
lymphocyte subsets (mouse lymphocytes): anti- 

Lyt2 (for CD8 + ), L3T4 (CD4 ), and Thy 1.2 

+ 

(CD3 ) (all monoclonal antibodies from Becton- 
Dickinson Inc.,); 

4. Anti-Major Histocompatibility Complex (MHC) 
molecules'. HLA-A,B,C (Class I molecules); and 
HLA-D (DP, DQ, DR), HLA-DR (CD74), 
HLA-DQ and HLA-DP (Class II molecules) 
(Neomarkers Inc., Fremont, CA); 

5. Anti-Thymic Microenvironment Stromal Cells'. 
TE-3, TE-4, TE-7, TE-8, TE 15, TE 16, and TE 
19 (developed in the laboratory of Dr. Haynes 
and provided to us); 

6. Anti-Neuronal'. Neurophysin and 

Synaptophysin; 

7. Anti-Intermediate Filament proteins : 

Neurofilament-L (molecular weight 68 kD), 
Neurofilament-M (molecular weight 160 kD), 
Neurofilament-H (molecular weight 200 kD), 
Glial fibrillary acidic protein (GFAP), 
Vimentin, MAP-1 (microtubules), MAP-2, 
MAP-5, cytokeratins 13 and 18, desmosomal 
cytokeratin, AE1, AE2, AE3, AE5, and AE8; 



8. Anti-Tumor markers'. B 18.7.7 and D14 
[carcinoembryonic antigen (CEA)]; 

9. Anti-Oncogenes and related protein products : 
p53 (also tumor suppressor gene related), c- 
erbB-2, c-erbB-3, c-myc, and c-ras; 

10. Cell cycle related cyclins, proliferation 
markers, and DNA repair related proteins: anti- 

. . cdc2 . . 

p53, Ki-67, anti-p34 , anti-cyclm A, and anti- 
cyclin D; and 

11. Anti-growth factors'. anti-TGF-p type II receptor 
(TGF-plIR). 

12. Anti-Estrogen Receptor. MoAB specific to ERa 
and a polyclonal antibody specific for ERb 
(Affinity BioReagents, Inc., Golden, CO); 

13. Anti-Progesterone Receptor (PgR)'. regulated by 
estrogen; two MoABs against A and B forms of 
PR (Novocastra Lab., US Distributor: Vector 
Lab.,); 

14. Anti-Androgen Receptor. Androgen receptor is 
a member of the superfamily of ligand 
responsive transcription regulators - two MoAB, 
named NCL-AR-2F12 and PG-21 and two 
polyclonals specific to AR; 

15. Anti-Thyroid Hormone Receptor. five 
polyclonal and two MoAB against the various 
TR isoforms; 

16. Anti-Prolactin Receptor. MoAB (MAI-610) 
detects rat, human, rabbit, and pig prolactin 
receptors. The MoAB reacted with the 
extracellular portion of the receptor, but not 
with the ligand-binding domain. This antibody 
does not inhibit the interaction between 
prolactin and its receptor. 

17. Anti-Glucocorticoid Receptor. MoAB BuGR2, 
and others reacting with GRa and GRb. 

18. anti-Retinoic Acid Receptor, three MoABs 
against the a, p, and y isoforms of RAR; 

19. anti-Homeobox Gene Products: polyclonal 
antibodies directed against the HOX-B3, -B4 
and -C6 gene products. 

1.11 Immunoalkaline Phosphatase Antigen 
Detection Technique 

We used the following immunoalkaline 
phosphatase cytochemical method, modified by us 
for antigen detection in formalin fixed, paraffin wax 
embedded thymus tissues (65-68). The technique is 
a highly sensitive, indirect, four to six step 
immunocytochemical method, which combines the 
biotin-streptavidin based ABC-method with 
enzyme-linked (alkaline phosphatase) 

immunohistochemistry. Briefly, following 
deparaffinization in three changes of Xylene 
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substitute (Shandon-Lipshaw, Pittsburgh, PA, USA) 
for 20 to 30 minutes, rehydration was carried out 
employing descending dilutions of alcohol (100% to 
50%) to TBS. An initial blocking step using 1% 
glacial acetic acid mixed with the working buffer for 
10 minutes was necessary to eliminate the 
endogenous AP activity from the tissues. Use of 
levamisole solution is also described in our earlier 
observations. As we explained earlier (68), GAA 
inhibition was preferred because of the possible 
presence of levamisole-resistant AP iso-enzyme 
(69). The second blocking step was conducted with a 
purified mixture of proteins (Shandon-Lipshaw) 
from various species for 5-10 minutes to block 
cross-reactive antigenic epitopes. Excess serum was 
removed from the area surrounding the sections. The 
tissue sections were then incubated for 60-120 
minutes with the particular primary antibody. Next, 
incubation with the secondary antibody, which was 
either a biotinylated, whole goat anti-rabbit or goat 
anti-mouse IgG molecule (IgG molecule diluted by 
ICN Biomedicals, Inc., Aurora, OH, USA) was 
carried out for 20 minutes. Streptavidin conjugation 
was accomplished by incubation with AP conjugated 
streptavidin for 20 minutes (70-73). Color 
visualization of the primary antigen-antibody (Ag- 
Ab) reaction was accomplished with an alkaline 
phosphatase (AP) kit 1 (Vector Laboratories, 
Burlingame, CA, USA) which contains AS-TR with 
Tris-HCl buffer at pH 8.2, added for 28-40 minutes 
to allow formation of a stable red precipitate. 
Sections were counterstained with a diluted solution 
of Gill's hematoxylin (Richard- Allan, Kalamazoo, 
MI, USA). The tissue slides were then dehydrated in 
ascending concentrations of alcohol (60% to 100%) 
to xylene substitute (Shandon-Lipshaw), in which 
they were kept overnight to ensure complete 
morphological clearing. The stained tissue sections 
were mounted using a solution specially designed 
for use following morphological clearing in xylene 
substitute (Shandon-Lipshaw). 

1.12 Immunoperoxidase Antigen Detection 
Technique 

The following ABC method (74) was employed 
for the immunocytochemical detection of antigens in 
thymus specimens. Briefly, following 
deparaffinization in three fresh changes of xylene 
substitute (Shandon-Lipshaw), tissue rehydration 
employing descending grades of alcohols (100% to 
40%) to PBS was performed. The tissue sections 
were never allowed to dry-out before being moved 
to the next solution. After 30 minutes incubation 



with 0.6% H^O,, in methanol to block the 

endogenous H^O,,, a good rinse with running tap 
water and PBS for 2-8 minutes was performed. The 
second blocking step required 5 minutes incubation 
in non-specific protein mixture solution (Shandon- 
Lipshaw). The incubation time with the primary 
MoABs, as with any primary antibody, depended on 
the developers instructions, but it was usually 
between 60 to 120 minutes at room temperature. 
Next, we applied the secondary antibody for 20 
minutes (on paraffin-wax sections, the whole anti- 
rabbit or anti-mouse IgG antibody was used as 
secondary antibody directed against the IgG of the 
original species of the primary antibody), followed 
by incubation for 30-40 minutes in 8 to 10 drops of 
the streptavidin/biotinylated horseradish peroxidase 
H complex (ABC). The binding of the biotinylated 
antibody to streptavidin/peroxidase complexes 

-19 

occurs with an extremely high affinity (10 M) 
(BioWhitaker, Inc., Walkersville, MD, USA). Color 
visualization of the primary Ag-Ab reaction was 
accomplished using diamino-benzidine (DAB) or 
amino-ethyl-carbazol (AEG). The brown color was 
enhanced with copper sulfate and diluted 1:100 
Gill's hematoxylin (Richard-Allan) was used for 
gentle nuclear counterstaining. After the 
employment of DAB solution and the appropriate 
counterstain, the tissue slides were dehydrated, 
cleared, and mounted in a manner identical to that 
described above. 

1.13 Evaluation of the Immunoreactivity 

Qualitative and quantitative evaluation of the 
percent of antigen positive cells and the intensity of 
immunostaining were conducted using a light 
microscope (Olympus America, Inc., Melville, NY) 
counting 100-300 cells from each of six to ten 
distinct areas in non-necrotic thymic and positive 
and negative control tissues. Artifacts were avoided, 
while, on the other hand, morphologically 
characteristic areas were sought out. 

Quantitative evaluation (171, 175, 339): (++++) 
over 90% of the total cell number are positive; (+++) 
50% to 90% of the total cell number are positive; 
(++) 10% to 50% of the total cell number are 
positive; (+) 1% to 10% of the total cell number are 
positive; (±) under 1% of the total cell number are 
positive; (-) negative. 

Qualitative evaluation (171,175,339): (A) very 
intense red/brown staining; (B) strong red/brown 
staining; (C) light red/brown staining; (D) negative 
staining. 
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2. TRANSMISSION ELECTRON 

MICROSCOPY (TEM) OF CULTURED 
THYMIC MEDULLARY CELLS (RE, 

DC, LC, & IDC) AND MACROPHAGES 

The cultured DCs, RE cells and macrophages 
following a short time in vitro stay attached to the 
culture dish surface, forming a monolayer. They 
were removed using gentle digestion with 
collagenase IV (Millipore Corp., Bedford, MA) for 5 
minutes at 37 °C, followed by pelleting at 600-800 
rpm for an additional 5 minutes. The cell pellets 
were fixed in 3% glutaraldehyde (Fischer Scientific), 
diluted in 0.1 M Sorenson's buffer at pH 7.2 for one 
hour at room temperature (20-23 °C), followed by 
three washes in phosphate buffer. Post-fixation was 
performed with 1% solution of osmium tetroxide for 
30 minutes, followed by washing in 0.9% NaCl for 
another 30 minutes. Staining "en bloc" with 0.5% 
uranyl magnesium acetate, diluted in 0.9% NaCl for 
one hour in the dark, at 4 °C, was followed by 
washing in saline for an additional 30 minutes. After 
dehydration in ascending concentrations of ethanol, 
the tissue microcultures were embedded in Epox 
(E.F. Fullam, Schenectady, NY). Ultrathin sections 
were stained secondarily with uranyl acetate and 
lead citrate and were examined and photographed 
under the Siemens Elmiskop IA and Philips EM 300 
transmission electronmicroscopes at 80 kV. The cell 
types were identified by their TEM nuclear and 
cytoplasmic characteristics. 



2.1 Scanning Electron Microscopic (SEM) 
Procedure for Tissue Samples 

2 

Small portions (1-2 mm ) of thymic tissue were 
fixed for 2-4 hours in 2.5-4% glutaraldehyde diluted 



in 0.1M phosphate buffer at room temperature, and 
at 4°C in a regular refrigerator. Post-fixation was 
carried out employing 1% Os0 4 diluted in phosphate 
buffer (kept in dark). After three washes in 
phosphate buffer, dehydration was carried out in 
ascending dilutions of ethanol. After processing in 
the critical point dryer (CPD), sputter coating was 
performed. Scope and photography of the thymic 
tissues was carried out with JEOL-JSM-35C 
Scanning Electron microscope (SEM) at 380 to 
60,000 times magnifications. 

2.2 Immuno-Electron Microscopy 

This experimental technique was employed on 
various postnatal thymic cell suspensions. After 3 to 
4 rinses in Hanks' medium, the cells were fixed in 
4% glutaraldehyde in 0.07 M cacodylate buffer (pH 
7.35) at room temperature. Thereafter we used 30-60 
minutes incubation with the primary antibody. The 
primary antigen-antibody reaction was revealed by 
the immunoperoxidase technique using the ABC 
method and 3' diaminobenzidine (DAB) as the 
chromogen. After complementary fixation in 
glutaraldehyde, post-fixation was accomplished in 
2% osmium tetroxide. Thereafter the pellet was 
dehydrated in ascending concentrations of ethanol 
and propylene oxide before being embedded in 
Epon. Controls were set up by omitting the primary 
antibody and using a mixture of proteins to detect 
non-specific protein staining. 
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183, 187, 189 

Tumor suppressor gene (TSG) ■ 179 
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